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L. A. Smith. Development of recombinant vaccines for botulinum neuro- 
toxin. Toxieon 36, 1539-1548, 1998.— Synthetic genes encoding non-toxic, 
carboxyl-terminal regions (~50kDa) of botulinum neurotoxin (BoNT) 
serotypes A and B (referred to as fragment C or H c ) were constructed and 
cloned into the methylotropic yeast, Pichia pasioris. Genes specifying 
BoNTA(Hc) and BoNTB(H c ) were expressed as both intracellular and 
secreted products. Recombinants, expressed intracellularly, yielded products 
with the expected molecular weight as judged by SDS-PAGE and Western 
blot (immunoblot) analysis, while secreted products were larger due to 
glycosylation. Gene products were used to vaccinate mice and evaluated for 
their ability to elicit protective antibody titers lit vivo. Mice given three 
intramuscular vaccinations with yeast supernatant containing glycosylated 
BoNTA(Hc) were protected against an intraperitoneal challenge of 10* 50% 
mouse lethal doses (MLDso) of serotype A neurotoxin, a result not duplicated 
by its BoNTB(Hc) counterpart. Vaccinating mice with cytoplasmically 
produced BoNTA(Hc) and BoNTB(H c ) protected animals from a challenge 
of 10* mld m of serotype A and B toxins, respectively. Because of the 
glycosylation encountered with secreted BoNT(Hc). our efforts focused on 
the production and purification of products from intracellular expression. 
Published by Elsevier Science Ltd 



INTRODUCTION 

Botulism is a severe neuroparalytic disease caused by one of seven r 
produced by the bacterium, Clostridium botulinum. With a lethal dose in the range of 
10""' g per kg body weight (Lamanna, 1959), botulinum neurotoxins are the most lethal 
agents nature has produced. The neurotoxins function by binding to specific receptors 
on peripheral cholinergic nerve cells (Black and Dolly, 1986a). They enter the cells by 
an internalization process (Black and Dolly, 1986b), and once translocated inside the 
cells, prevent the evoked release of acetylcholine by inactivating neuronal proteins 
' ' iy Montecucco and Schiavo, 
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Kg. 1. Schematic structure of Botulinum neurotoxins. BoNT is synlheaiied as a single polypep- 
tide chain which can bedejvetUl a protessc-sensitive site resulting in a light and heavy dichain 

domain (H N ) and a carboxyl-tcrroirial domain (H c ). 

1994; Montecucco el al., 1994; Lebeda and Singh, submitted). Clinical manifestations of 
the disease ate dominated by the neurological signs and symptoms resulting from a 
toxin-induced blockade of the voluntary motor and autonomic cholinergic junctions. 
Symmetrical cranial nerve impairment affecting the bulbar musculature frequently mark 
the onset of symptoms such as ptosis, ambiopia and/or blurred vision, dysphonia, and a 
dry, sore throat. Flaccid paralysis of the pharyngeal and laryngeal muscles give rise to 
dysphagia and fi ff ffl ffi dysarthria. If the botulism is a consequence of ingesting 
improperly preserved foodstuffs contaminated with bacteria and their preformed toxins, 
nausea, abdominal pain, vomiting, and diarrhea may often precede or accompany the 
neurologic indications. As the disease progresses, a descending paralysis ensues in which 
the neck muscles, respiratory muscles, and muscles in the extremities and trunk are 
affected. The paralysis of the respiratory muscles leading to dyspnea or ventilatory 
failure is the cause of death in a botulinum intoxication. 

The sporulating, obligate anaerobic, gram-positive bacillus C. botulinum produces 
seven forms of antigenically distinct exotoxins which are differentiated serologically by 
specific neutralization (Hatheway, 1992). They have been designated as serotypes A. B. 
C,. D, E, F and G. Polyclonal antibodies derived for a specific neurotoxin can 
neutralize the toxic effects of that toxin but will not cross-neutralize another toxin 
serotype. Structurally, the toxins are produced as single-chain polypeptides having 
molecular masses (M r ) of approximately ISOkDa. Most of the clostridial strains 
contain specific endogenous proteases which activate the toxins at a protease-sensitive 
loop (DasGupta, 1989) located approximately one-third of the way into the molecule 
from the amino-terminal end. The proteolytic nicking generates two fragments which 
are held together by a single disulfide bond (Fig. 1). Upon reduction and fractionation 
(electrophoretically or chromatographically), the two chains can be separated; one chain 
has a M r of -100 kDa and is referred to as the heavy chain while the other has a At, of 
~50 kDa and is termed the light chain. 

Botulinum neurotoxin (BoNT) has three functional domains, a receptor-binding 
domain, a translocation domain, and an enzymatic domain (reviewed by Montecucco 
and Schiavo, 1994; Montecucco el al., 1994; Halpern and Neale, 1995). Part of the 
receptor-binding domain resides towards the carboxyl-terminal portion of the toxin, a 
region known as the fragment C or H c region. The amino-terminal region of the heavy 
chain (H N ) and a small portion of the light chain spanning the disulfide bridge appears 
to be involved in the translocation or internalization of the light chain into the cell 
(Zhou el al., 1995). The light chain(s) are zinc-dependent endoproteases which 
selectively inactivate three essential proteins involved in the docking and fusion of 
acetylcholine-containing synaptic vesicles to the plasma membrane. The light chains of 
BoNT serotypes A, C,, and E cleave SNAP-25 (synaptosomal-associated protein of M 
25,000), serotypes B, D, F and G cleave VAMP/synaptobrevin (synaptic vesicle- 
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associated membrane protein); and serotype Ci cleaves syntaxin. Inactivation of SNAP- 
25, VAMP, or syntaxin by BoNT leads to an inability of the nerve cells to release 
acetylcholine resulting in neuromuscular paralysis and possible death, if the condition 



RESULTS AND DISCUSSION 

In the development of a recombinant vaccine to protect against BoNT and the effects 
caused by the toxin, we demonstrated a number of years ago that we could subclone 
segments of the BoNTA gene and express these non-toxic fragments in Escherichia coli 
(Zuber and Smith, unpublished results). We were then able to vaccinate mice with the 
non-toxic recombinants and test their ability to elicit protective immunity in vhro. 
Clones pCBA2, pCBA3, and pCBA4 (gift from Nigel Minton) containing overlapping 
gene fragments of the BoNTA gene (Thompson el al., 1990), were the source for 
templates used to produce the various antigens to be examined. We prepared smaller 
versions of the gene fragments in pCBA2, pCBA3, and pCBA4 by cutting with 
restriction enzyme(s) and subcloning into vectors such as the pWSSO (Fig. 2). We also 
amplified by PCR, specific gene segments and subcloned them into expression plasmids 
such as pET vectors. Expressed products were identified by SDS-PAGE and Western 
blot analysis, partially purified, and used to vaccinate mice. The mice were then 
challenged with active neurotoxin after vaccination. Antigens representing various 
regions from the three functional domains of the toxin (Fig. 3) were analyzed for their 
ability to elicit protective antibodies in mice. Of all the fragments we, and others 
(LaPenotiere el al., 1995; Dertzbaugh and West, 1996) tested, only one was able to 
significantly protect mice (Table 1). This was the fragment located at the carboxy- 
terminus of the toxin (~50 kDa) designated as the fragment C region. Our subsequent 
efforts to develop vaccine candidates to protect against BoNT forthwith focused 
exclusively on the He region. 

Recent advances in biotechnology make available various options for expressing and 
producing protein products. Having shown that a non-toxic fragment of BoNT could 
induce a formidable protective immunity in animals, our efforts were now directed 
towards selecting and integrating an expression system into our vaccine program which 
would produce the maximum amount of properly folded, immunogenic antigen. 
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any laboratories (Cregg et al., 1987; Wegner, 
1990; Buckholz and Gleeson, 1991) reported the expression of their heterologous genes 
in the yeast expression system, Pichia pastoris. The tetanus neurotoxin fragment C 
CTeNT(Hc)) reportedly produced yields of 12g/L (Clare et al., 1991) when expressed in 
P. pastoris. We investigated the P. pastoris system for the expression or BoNT(H c ) 
genes. Previously, investigators working on the expression of TcNT(H c ) reported 
difficulties in obtaining optimal expression levels when expressing the natural gene of 
TeNT(Hc) in E. coli (Makoff et al., 1989) and in yeast (Romanos el al., 1991). Makoff 
et al. showed that the low levels of expression in E. coli were due to the presence of 
rare codons in the natural gene of C. letani. Substituting the rare codons with those 
more frequently found in the E. coli hosi eliminated impediment* to high-level 
expression. Expression of the natural gene of TeTN(H c ) in yeast was even more 



anos el al. (1991) showed that the high adenine and thymine 
+ T) rich base composition found in the natural gene of clostridial DNA gave rise 
o fortuitous transcriptional termination signals in yeast. However, this obstacle could 
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in the BoNT(H c ) ge 

The first synthetic gene constructed encoded the BoNTA (He). It was initially 
expressed in E. coli and elicited significant protective immunity in vivo (Clayton et al., 
1995). The synthetic gene encoding the BoNTA(Hc) was modified for insertion into the 
secretory vector pPIC9K (gift from Phillips Petroleum, Bartlesville, OK) and the 
construct was integrated into the chromosomal AOXI locus of P. pastoris strain GS115 
(Smith, unpublished results). Clones were selected based on their ability to express 
histidine dehydrogenase (Cregg et al., 1993) and ai 
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(I) (Scorer et cL, 1994) markers. The clones » 



id for their ability 



to express and efficiently secrete the BoNTA(H c ) product into the medium. An aliquot 
of recombinant product was analyzed on SDS-PAGE (Fig. 4, lane 2). The four 
multiple bands on the SDS-PAGE (Fig. 4, lane 2) observed migrating below the 
55.4 kDa protein marker (Fig. 4, lane 1), as well as the higher M r bands visualized 
above the 66.3 and 116.3 kDa markers (Fig. 4, lane 1), were revealed by Western blot 
analysis (data not shown) and treatment with Endo H (Fig. 4, lane 3) to be 
glycosylated BoNTA(Hc). Secreted BoNTA(H c ) was capable of eliciting a protective 
immunity in mice (Table 2). Mice immunized with three doses of 15 /ig of total secreted 
protein were asymptomatic to a challenge of 10* mldjo of BoNTA while non- 
immunized mice succumbed within a few hours. However, glycosylated 801*1X8(110) 
(Smith, unpublished results) and glycosylated TeNT(H c ) (Romanos et al, 1991) failed 
to elicit protective immunity in mice, although deglycosylation restored it's capacity to 
protect animals. Core- and to a minor extent hyper-glycosylation of the BoNT(H c ) 
results as the protein traverses the secretory pathway of the yeast cell, becoming 
glycosylated in the endoplasmic reticulum, and then further processed in the Golgi 
cisternae before being secreted from the cell. 

Conceptually, three courses of action could be taken to generate a non-glycosylated 
rBoNT(H c ) protein product: (1) a deglycosylation step could be incorporated into the 
manufacturing process during production to remove carbohydrate moieties, (2) the 
potential glycosylation site(s) (KornfeW and Kornfeld, 1985) in the protein could be 
altered by protein engineering techniques, or (3) the product could be expressed 
intracellularly avoiding the secretory pathway altogether. Increasing the complexity of 
" ' ' ess by adding a deglycosylation step is not a 
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recommended alternative. Additionally, as the putative BoNTA(Hc) has nine potential 
N-linked glycosylate sites, BoNTB(Hc) has one, BoNTC(H c ) has eight, BoNTD(H c ) 
has three, BoNTE(Hc) has six, BoNTF(H c ) has six, and BoNTG(Hc) has ten, 
eliminating these sites by mutagenesis is not a practical alternative. Thus, we proceeded 
to express the BoNT(H c ) products intracellularly utilizing the yeast expression vector 
pHILD4 (gift from Phillips Petroleum, Bartlesville, OK). 

The first synthetic gene we expressed intracellularly in P. pastoris encoded a putative 
H c region for BoNT serotype B. The pHILD4 vector harboring the BoNTB(H c ) gene 
was integrated into the chromosomal AOXl locus of P. pastoris and isolated clones 
were analyzed for their ability to express rBoNTB(H c ) by SDS-PAGE and Western 
blot analysis (data not shown). After crude yeast extracts containing rBoNTB(H c ) were 
shown to protect mice (data not shown), one clone was selected for growth and 
methanol-induction in a fermentor. Yeast cells from the fermentation were lysed by 
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using a Gaulin homogenizer and the rBoNTB(H c ) was purified by using cationic and 
anionic exchange chromatography (Fig. 5). The production and purification process 
developed for the rBoNTB(Hc) generated a highly purified product (Fig. 6) with a yield 
of 2.34 g of rBoNTB(H c ) per 6 kg wet yeast cell mass (30 L fermentation) (Potter et a/., 
submitted). 

Akin to the rBoNTA(H c ) vaccine, rBoNTB(Hc) was also a remarkably efficacious 
immunogen (Table 3). Mice vaccinated with low doses (from 0.1 to 2.0 Mg) of the 
purified rBoNTB(H c ) vaccine candidate and subsequently challenged with 10* MLD M of 
active BoNTB exhibited a high survival rate (Table 3). Out of 160 mice vaccinated. 156 
mice were asymptomatic to the challenge while all of the control animals expired 
whether they were challenged with 10 2 or 10* BoNTB MLD». Long-term immunity 
studies were performed using the recombinant BoNTA(H c ) and the BoNTB(H c ) 
vaccines. Mice vaccinated with three doses of vaccine remain protected against a 
challenge of 10* mld 30 12 months post-immunization (data not shown). 

The first pilot lot of the rBoNTB(H c ) vaccine has been manufactured in compliance 
with U.S. Food and Drug Administration's current Good Manufacturing Practices 
(cGMP). The product is presently in preclinical trials being evaluated under current 
Good Laboratory Practices (cGLP) for safety, efficacy, and product stability. The 
BoNTA(Hc) vaccine candidate has been scheduled for pilot lot production and 
preclinical testing. The remaining synthetic genes encoding putative H c for C,, D, E, F, 
and G serotypes have been completed. Synthesis, cloning, and expression of the 
remaining genes encoding putative Hc for C,, D, E, F, and G serotypes has been 
completed as part of the process for development of vaccine candidates for those 
serotypes of BoNT. 
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cated the protein to be 50.8 kDa, which equaled the theoretically expected mass . N-terminal sequencing of the purified protein showed the 
sequence corresponded to the known reported sequence. The recombinant BoNTVB light chain was found to be highly stable, catalytically 

*-— ' J "he stability of the protein in the presence or absence of zinc is described withi — 

ire of BoNTTB light chain was analyzed by rir 




Botulinum neurotoxin, the causative agent of botulism 
poses a significant bioweapon threat because of its extreme 
lethality. An outbreak of botulism caused by dispersion of 
toxin is a serious public health emergency that requires an 
immediate response by the administration of botulinum 
antitoxin and often mechanical ventilation. Botulism is a 
neuroparalytic disease caused by seven immunologically 
distinct neurotoxins (types A-G) produced by Clostridium 
botulinum, a gram-positive, rod shaped, motile, non-encap- 
sulated, spore-forming anaerobic bacterium. Botulinum 



neurotoxin(s) (BoNT) 1 are expressed as single polypeptide 
chains with approximate molecular masses of ISO kDa. 
Most of the C. botulinum strains have endogenous prote- 
ases that nick the toxin at a protease-sensitive site, activat- 
ing the toxin and generating a light chain and a heavy 
chain held together by a single disulfide bond. The light 
chain can be separated from the heavy chain by reduction 
followed by electrophoresis or chromatography. The 
smaller (50 kDa) N-terminal fragment is designated as the 
light chain (LC) while the C-terminal fragment (100 kDa) 
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is referred to as the heavy chain (HC) [1]. The zinc-endo- 
peptidase catalytic domain of the toxin resides in the 
SOkDa N-terminal portion of the active protein. 

After binding to peripheral cholinergic nerve cells, the 
toxin is internalized into endosomes through receptor- 
mediated endocytosis [2,3]. The amino terminal half of the 
HC is believed to participate in the translocation mecha- 
nism of the LC across the endosomal membrane [4-6]. 
Upon internalization into vesicular compartments, the 
catalytic LC is translocated to the cytosol where the final 
event of intoxication involves the catalytic hydrolysis of 
key synaptic vesicle proteins [7-9] by the light chain 
[10,11]. The zinc-dependent endoproteolytic LC selec- 
tively inactivates three essential proteins referred to as 
SNARE (soluble itf-ethylmaleimide sensitive factor 
attachment protein receptors) proteins which are involved 
in the docking and fusion of acetylcholine-containing ves- 
icles to the plasma membrane [12,13]. Botulinum neuro- 
toxins (BoNT) A-G each have the capacity to cleave a 
protein of the neuroexocytosis apparatus: SNAP-25 is 
cleaved by BoNT/A [14], BoNT/C, and BoNT/E [15,16]. 
Serotype C also cleaves syntaxin [17,18]. The LC of 
BoNT/B cleaves VAMP/synaptobrevin [11]; serotype D, 
G, and F are also specific for VAMP/synaptobrevin 
[19-21]. Inactivation of SNAP-25, syntaxin, or VAMP by 
BoNT leads to an inability of the nerve cells to release 
acetylcholine, resulting in neuromuscular paralysis [22]. 
The LC by itself is nontoxic and does not translocate 
though the cell membrane of cholinergic cells. 

Our laboratory has produced BoNT/B LC as a reagent 
to be used in high-throughput assays to screen for poten- 
tial LC antagonists, to further elucidate the toxin's mech- 
anism of action, and to study the immunological 
response to the catalytic domain of the toxin. The LC 
was cloned into an Escherichia coli expression system, 
pET24a+, and the recombinant plasmid was transformed 
into BL21.DE3.pLysS cells. The LC was purified by suc- 
cessive cation-exchange chromatographic steps and char- 
acterized for purity, structural integrity, and enzymatic 
activity. Details of the production process and features of 
the recombinant BoNT/B LC are described within this 

Materials and methods 

Materials 

All buffer reagents and components were from Sigma 
(St Louis, MO) unless otherwise specified. Precast tricine 
gels, load buffer, running buffer, stains, molecular markers 
and oligonucleotides for the PCR reaction were obtained 
from Invitrogen (Carlsbad, CA). Plasmid pBlueScriptll 
was purchased from Stratagene (LaJolla, CA). Plasmid 
pET24a+ was purchased from Invitrogen (Carlsbad, CA). 
The E. coli strain DH5a used in the cloning procedure 
and E. coli strain BL21.DE3.pLysS used for protein 
expression were purchased from Novagen (Madison, WI). 



Electrochemiluminescence (ECL) reagents were pur- 
chased from Perkin Elmer Life Sciences (Boston, MA). 
Restriction endonucleases were obtained from New 
England Biolabs (Beverly, MA) and used according to the 
manufacturer's directions. The chromatography columns 
and resins used for purification were from Applied Bio- 
systems (Foster, CA) and Pharmacia (Uppsala, Sweden). 
Anti-botulinum serotype B-specific polyclonal equine 
antibodies were used to verify protein expression. 
The equine polyclonal antibodies were obtained from Per- 
bnmune (Rockville, MD) for the Department of Defense. 
Isopropyl-P-D-thiogalactopyranoside (IPTG) was purchased 
from Novagen (Madison, WI). The synthetic substrate pep- 
tide for type B LC contains residues 60-94 of human 
VAMP-2: acetyl-LSELDDRADALQAGASQFETSAA 
KLKRKYWWKNLK-carboxamide was custom synthe- 
sized by SynPep (Dublin, CA). 

Construction of the synthetic gene BoNTIB LC 

Oligonucleotides were designed using the published 
sequence for Okra C. botulinum structural gene encoding 
the type B neurotoxin and were used in a series of liga- 
tion/PCRs to generate a final 1323-base pair (bp) frag- 
ment that was cloned into pBlueScript II at Xhol-Xbdl 
sites. This enabled the synthesis of single-stranded DNA 
that was used for DNA sequencing. Verification of the 
resultant clone was then confirmed by DNA sequencing. 
Plasmid DNA used for cloning and single-stranded 
sequencing was prepared by using a kit purchased from 
Qiagen (Valencia, CA). The sequence was optimized for 
GC content and codon usage. Approximately 21% of the 
published sequence was altered by codon optimization. 
Oligonucleotides were designed that contained the restric- 
tion sites for JVVfcl and Bamffl to facilitate the cloning 
process. The full-length gene was excised from vector 
pBlueScript II and subcloned into Ndel and BamHl 
digested pET24a+ vector. The insert was ligated into 
pET24a+ so as to begin expression with the initial methio- 
nine of the LC. Sequencing of the complete clone was per- 
formed and a single mutation was noted. In vitro 
mutagenesis was performed to correct the misincorpora- 
tion, the correction was verified by sequence analysis. The 
resulting construct was used to transform, by calcium 
phosphate precipitation, E. coli BL21.DE3.pLysS cells for 
protein expression. Clones were assayed by Western blot 
for their ability to express BoNT/B LC. 

Expression and purification of the LC 

The bacteria was cultured in 1-L flasks containing ter- 
rific broth (TB) supplemented with 60 ug/ml of kanamy- 
cin with vigorous shaking (220 rpm) at 37 °C until the 
cultures reached an OD (00 of 0.6. The recombinant 
BoNT/B LC protein was induced by adding IPTG (final 
concentration 0.1 mM) for 18h. Cells were harvested by 
centrifugation and the pellet was immediately used or 
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stored frozen at -20 °C. One gram of LC cell paste was 
resuspended in 20 ml of buffer (20 mM Tris, 2mM 
EDTA, pH 5.0). The suspended cells were sonicated using 
an alternating cycle of sonicatjon (30 s) and ice incuba- 
tion (30 s) over a period of 12min. To remove debris and 
insoluble material the supernatant was centrifuged 
15min, 4°C, 15K. Additional buffer, 20mM Tris, 2mM 
EDTA, pH 5.8, was added to a final volume of 40 ml. The 
supernatant was sterilized with 0.2 nm filters. Following 
the filtering process the soluble portion was further puri- 
fied using cation exchange chromatography and a Bio- 
CAD Model 700E (Perceptive Biosystems, Farmingham, 
MA). 

A Poros HS 20 column was equilibrated with buffer 
(20 mM Tris, 2mM EDTA, pH 5.8) before loading the 
protein. Protein was eluted from the column with a linear 
gradient of 20mM Tris, 2mM EDTA, 1 M NaCl, pH 5.8, 
0-100% over 30min at a rate of 1 ml/min. Throughout the 
gradient 1ml fractions were collected. The peak eluted 
over several fractions which were collected and pooled. 
The column was washed extensively and was equilibrated 
with buffer (20 mM Tris, 2mM EDTA, pH 5.4). The 
pooled fractions of run 1 were equilibrated to the new 
buffer. The protein was loaded on the Poros HS 20 col- 
umn to further purify. The pooled fractions of run 2 were 
collected. A Source 15 S column was equilibrated with 
20 mM Tris, 2mM EDTA, pH 5.4, and the pooled frac- 
tions from run 2 were loaded through the buffer port A 
linear gradient of 20mM Tris, 2mM EDTA, 1 M NaCl, 
pH 5.4, 0-100% over 30 rain at a rate of 1 ml/min was per- 
formed. The peak fractions of run 3 were collected, 
pooled, and assayed for homogeneity. The expressed and 
purified recombinant BoNT/B LC was stored at -70 °C in 
20mM Na acetate buffer with a pH of 5.8 containing 
2mM EDTA. Recovery of the BoNT/B LC was calculated 
to be 4mg/g of cell paste. 



Protein assays and SDS-PA GE 



luminescence system (ECL). 

N- terminal sequence and mass spectroscopic analysis of 
rBoNTIB LC 

Following SDS-PAGE electrophoresis of the purified 
LC, the resolved protein was transferred onto a PVDF 
membrane. The appropriate PVDF band w 
using Edman degradation in an Applied Bi 
eise Sequencer in the 0- to 20-pmol range. Molecular mass 
was determined by Matrix-assisted laser desorption/ioniza- 
tion (MALDI>TOF Analysis. Tryptically digested BoNT/B 
LC was co-crystallized with a-cyano-4-hydroxycinnamic 
acid (Agilent Technologies, Palo Alto, CA) and spotted 
directly on a stainless steel matrix-assisted laser desorption 
ionization (MALDI) plate. Mass spectra were acquired 
using an Applied Biosystems 4700 MALDI-TOF/TOF 
mass spectrometer (Applied Biosystems, Foster City, CA). 
For an mass spectra the laser frequency was 200Hz. 
MALDI spectra w« 



carried out using software pro- 
vided with the instrument Spectra were submitted to 
^com) for peptide mass finger- 



gies, CA) was applied and allowed to dry. Mass spectra 
were acquired with a PBS-Hc SELDI-TOF mass spectrom- 
eter (Ciphergen Biosystems, Fremont, CA) using the Pro- 
following instrument settings: laser power 220, sensitivity 8, 
focus mass 50,000. 

Isoelectric focusing 

The isoelectric point of BoNT/B LC w 



a Novex 

Mini-cell II apparatus (Novex, San Diego, CA); pre-stained 
SeeBlue markers were used to determine the size of the 

visualized using Coomassie brilliant blue R-250 and Sil- 
verXpress. Protein samples were further analyzed by 
Western blot analysis to confirm protein identity [24]. Pro- 
teins separated by SDS-polyacrylamide gels were trans- 
ferred onto nitrocellulose followed by incubation with 
equine polyclonal antibody to BoNT/B toxin. Membranes 
were washed and then incubated with affinity purified goat 
anti-horse IgG (H + L) (Kirkeguaard & Perry Laboratories, of 200 ul. Injection volume wi 



method with the iCE280 system from Convergent Biosci- 
ence [25]. Focusing was performed using lOOmM H 3 PO„ 
as anolyte, lOOmM NaOH as catholyte, a focusing voltage 
of 3kV and a focusing time of 5min. Initial standardiza- 
tion of the instrument was performed using hemoglobin 

A working ampholyte solution was prepared by mixing 
80 ul (100%) of broad range ampholyte pH 3-10 (Amer- 
sham Biosciences, Piscataway, NJ) to 920 ul of 0.5% 
methyl cellulose solution. The sample mix was prepared by 
mixing 176 ul of this working ampholyte solution, 2ul of 
prediluted pi marker 7.0 and 2.0 ul of marker 8.6 (Bio- 
Rad, Hercules, CA). Twenty microliters of the protein 



259. 



UV-visible absorption, circular dichroism, an 



:o determine protein concen- 
ts purity UV-visible absorption spec- 
tra were recorded at 20 'C with a Hewlett-Packard 8452 
diode array spectrophotometer. LC concentration was 
determined using A 0 - 1 '* (1 cm light path) value of 1.0 at 
278 nm [26]. Circular dichroism spectra were recorded at 
20 "C and temperature-dependent unfolding of LC was 
followed by monitoring circular dichroism (CD) at 
222 nm on a Jasco J-810 spectropolarimeter with quartz 
cuvettes of 1 mm path length. To increase signal-to-noise 
ratio an average of five scans were recorded at a scan 
' "' a response time of 4s. For all r 

lank was recorded and subtracted 
!S. A MW, of 50975 for the 441-1 



Fragmentation of recombinant light chain 

BoNT/B LC was passed through a PD-10 column to 
remove EDTA and collected in 50 mM Na-phosphate pH 
6.5. The LC was mixed in the presence or absence of 
0.5 mM ZnCli and aliquots (30 ul) of the LC were distrib- 
uted in screw-capped eppendorf tubes. The final concentra- 
tion of the protein in each incubation tube was 0.35mgmiL 
The tubes were incubated at 4 and 23 °C. At specified time 
intervals 20 ul of 2x SDS-load buffer was added to a 30 ul 
aliquot for SDS-PAGE analysis. 



widths were set at 1 nm 
295 nm. An average of five scans was recorded for es 
spectrum. The solution properties of the peptide w 
investigated by CD [27-29]. 

Enzymatic activity assay of BoNT/B LC 

Before each experiment, aliquots of the protein were 
passed through a PD-10 gel-filtration column equilibrated 
with lOmM Na-phosphate, pH 6.5, to remove EDTA 
present in the storage buffer. The enzymatic activity assay 
was based on HPLC separation and measurement of the 
cleaved products from a 35-mer synthetic peptide corre- 
sponding to human VAMP-2 residues 60-94 (HV35) [27]. 
BoNT/B LC catalyzes the hydrolysis of this peptide 
between residues 17 (glutamine) and 18 (. _ 
corresponding to residues Q76 and F77 of human VAMP- 
2. Assay mixtures (30 ul) containing 0.1 8 mM substrate, 
50 mM Hepes (AM-hydroxyethylpiperazine-Ar'-2-ethane- 
sulfonic acid) pH 7.2, 0.25 mM ZnCl 2 , 5mM DTT, and 
1.0 ug light chain were incubated at 37 "C for 5 min. 
Assays were stopped by adding 90 ul of 0.7% trifluoroace- 
tic acid. The amounts of uncleaved substrate and the 
products were measured after separation by reverse-phase 
HPLC. Solvent A consisted of 0.1% trifluoroacetic acid 
and solvent B consisted of 70% acetonitrile/0.1% trifluoro- 
acetic acid. The flow rate was l.Oml/min at 25 °C and the 
gradient profile was as follows: 20% B (2.5 min); linear 
gradient to 80% B (21 min); 100% B (6min). Kinetic 



i of 20 mice were used for 

1 as the number of survivors 
from the total number of animals tested. Animals used for the 
study were female Crl:CD-l mice, 1 6-22 g, on receipt (Charles 
River, Wilmington, MA). Groups were inoculated three times 
at 0, 2, and 4 weeks, with 5ug or 15 ug of immunogen 
(BoNT/B LC) per mouse. Injection volume was lOOul per 
mouse. Intramuscular injection into the caudal thigh muscle 
ss with 05% Alhydrogel in 0.8% saline with 0.8% benzyl 
mcd. Intraocular bleeds 
ce to collect sera 2 days 
after the last injection. Mice were challenged 7 days after the 
final inoculation with 10 2 MLD W or 10 3 MLD*, BoNT-B 



of toxin and used as control. Mice were observed daily and 
the number of mice that survived after 5 days was recorded. 
Research was conducted in compliance with the Animal Wel- 
fare Act and other federal statues and regulations relating to 
animals and experiments involving animals and adheres to 
principals stated in the Guide for the Care and Use of Labora- 
tory Animals, National Research Council, 1996. The facility 
where the research was conducted is fully accredited by th 



jy (ELISA) 



Immulon 2 plates (Dynatech, Chantilly, VA) were 
coated with botulinum neurotoxin type B (Metabiologics, 
Madison, WI) at 2ug/ml, lOOul/well, in phosphate-buffered 
saline (PBS) pH 7.4. The plates were incubated overnight in 
a humidity box at 4°C. Diluted serum was added in 
duplicate to toxin-coated wells (lOOul/well). The secondary 
antibody was horseradish peroxidase conjugated goat anti- 
mouse IgG mAb and ABTS substrate was added as color 
developer (Kirkegaard and Perry Laboratories, Gaithers- 
burg, MD). The absorbance w 



from Lineweaver-Burke plot of initial rates of proteolysis plate reader at 405 nm. Naive mi 
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negative control in each assay. The titer was denned as the 
reciprocal of the last dilution with an absorbance >0.2 
above background absorbance. 

Results and discussion 

Construction of the BoNTIB LC expression system 

Previously, tetanus toxin fragment C had been 
expressed in E. coli at 3-4% cell protein. The sequence for 
Clostridium tetani was examined and it was found to con- 
tain rare £ coli codons encoding fragment C. When the 
coding sequence was replaced by sequence optimized for 
codon usage in £ coli, it had been shown that the expres- 
sion of fragment C is increased approximately 11-14% 
[31]. Others have used a strong promoter of phage T 7 and 
physiological control to improve the level of expression of 
a synthetic BoNT/B LC [32]. In the present study we uti- 
lized both codon optimization, which was performed to 
limit reduced protein expression associated with rare 
codons and high AT base composition [33,34], and a 
strong T 7 promoter. The use of a strong promoter and 
optimized synthetic BoNT/B LC gene resulted in a 50% 
higher yield of protein expression and/or recovery than 
previously reported [32]. Wc produced a recombinant pro- 
tein in a correctly folded state that was biologically active. 
Primers for amplifying the nucleotide sequence encoding 
the BoNT/B LC were constructed on the basis of the Min- 
ton sequence [35]. Oligonucleotides were designed to con- 
tain Ndel-BamRl restriction sites that facilitated the 
insertion of the 1323 nucleotide sequence in frame with 
the pET24a+ parent vector beginning with an ATG start 
codon. At the protein level the sequence shared 100% 
identity to the Minton sequence. 

Expression and purification of the BoNTIB LC 

Upon induction by the addition of IPTG at 18'C, 
BoNT/B LC was over-expressed. The recombinant protein 

the amount of cell debris and nucleic acid. A clear lysate 
was obtained after centrifugation which represents the 
crude protein solution and contains the BoNT/B LC in the 
soluble fraction. The soluble protein was purified to near 
homogeneity by two rounds of cation exchange chromatog- 
raphy using a Poros HS 20 followed by a third pass 
through cation exchange chromatography using a Source S 
column (Figs. 1 A and B); peak fractions were collected and 
analyzed for purity. Verification of the purified 50 kDa pro- 
tein was done by SDS-PAGE using Coomassie brilliant 
blue R-250 stain (Fig. 2A) and SilverXpress silver stain 
(Fig. 2B) and Western blot analysis using a horse poly- 
clonal antibody (Fig. 2C). The efficiency of the purification 
process is shown in Table 1. Protein obtained from a I L 
culture typically yielded Jsl2mg which was greater than 
98% pure based on densitometry analysis of the silver 



N-terminal sequence and mass spectroscopic analysis of 
rBoNT/BLC 

The molecular mass of the purified recombinant BoNT/B 
LC was determined by surface enhanced laser desorption/ 
ionization (SELDI)-TOF analysis. It was 50.8 kDa which 
corresponded to the predicted molecular mass based on the 
amino acid sequence. Matrix assisted laser desorption/ioni- 
zation (MALDI)-TOF was also preformed and 85% of the 
amino acid sequence was observed. To verify whether the 
LC contains the initiating methionine residue, N-terminal 
sequencing analysis was performed on the first 10 residues 
of the protein. The N-terminal amino sequence of recombi- 
nant BoNT/B LC was PVTINNFNYN as expected. We 
observed that the initiating methionine residue of the pro- 
tein had been removed by £ coli methionyl aminopepti- 

Isoelectricfocusing 

The isoelectric focusing analysis of the recombinant 
BoNT/B LC revealed a pi of 7.25 which is higher than the 
calculated theoretical isoelectric point of 63 (httpj/usjsxp- 
asy.org). The experimental pi value for the native light 
chain was equal to the calculated p/6.3. A number of meth- 
ods have been proposed for the theoretical determination 
of the p/s of proteins [36,37]. Typically, these methods give 
results that are within ±1 pH unit of the experimental pi. 
When calculating theoretical pi values, calculated p/s often 
disagree with experimentally measured p/s [38]. The theo- 
retical pi estimate of 6.3 assumes that all residues have pK, 
values that are equivalent to the isolated residues. The 
actual pi value for a protein is affected by the tertiary struc- 
ture of the protein, which can lead to differences between 
calculated and experimental pi values. A change in the pi 
value (6.3-7.25) may be the result of masking of carboxyl 
groups in the tertiary structure of the protein [39]. 

Structural features ofLCat different pH values and in the 
presence of zinc 

To detect and examine any conformational changes 
induced by pH differences, buffer and zinc, we employed 
far-UV circular dichroism and tryptophan fluorescence 
emission spectroscopies in the absence and presence of 
0.5 mM ZnCl 2 in 46 mM Pipes, pH 6.5, and in the absence 
of ZnClj in 46mM Mes, pH 5.5 or 46mM Hepes pH 8.0 
(Fig. 3). The CD spectra were similar in the four conditions 
displaying the characteristic double minima at 208 and 
220 ran as expected (Fig 3A). This indicates that the sec- 
ondary structure of BoNTffl LC was similar in all condi- 
tions. The tryptophan fluorescence emission spectra were 
similar in all conditions tested. However, the addition of 
0.5 mM ZnCl 2 increased the fluorescence intensity about 
11% as compared to the fluorescence intensity at pH 6.5 
without affecting the emission maximum or shape of the 
spectrum (Fig.3B). The fluorescence intensity decreased 




ysis of purified BoNTVB LC detected with polyclonal hone BoNT/B antibody. 



mt BoNT/B LC from the toluble fraction 



protein (msT yield (W) yield (M) 



lit ion exchange HS 20 
2nd ion exchange HS 20 
3rd ion exchange sources 1 



about 11% as compared to the I 
6.5 without affecting the emission maximum or shape of the 
spectrum when the protein was at high pH in the absence of 
ZnCl 2 (Fig. 3B). The blue-shifted tryptophan fluorescence 
emission spectra with a X„„ of 318 nm (^ of free trypto- 
phan is about 354 nm) suggests that the single tryptophan 
residue (W44) is buried in a hydrophobic environment that 
is not significantly affected by either pH or zinc. The results 
of the CD and fluorescence experiments suggest that pH 
changes over the range of 6.5-8.0 and the addition of 
0.5 mM ZnClj have no significant effect on secondary and 
tertiary structures of BoNT/B LC. 

We can also conclude from the data that the LC remains 
stable up to 40°C with pH values in the range of 6.5-8.0. 
Estimation of the secondary structure at 20 °C represents 
the native structure of the LC Alterations in the secondary 
structure content of BoNTffl LC at 20 °C with respect to 
various conditions are listed in Table 2. When the pH rises 
there is a marginal increase in the a-helix content of the LC 
and a marginal decrease in the (3-sheet content is observed. 
The addition of zinc also appears to increase the a-helix 
content of the LC as well as decrease the B-sheet content. 
There is no significant change in the content of turns or 
random coils of the LC under all conditions tested. 



se activity of the 



were examined (Fig. 4). The pH dependence on the cleavage 
of 35-residue peptide of human VAMP-2 (HV3S) by 
BoNT/B LC was assessed using three buffers, Mes, Pipes, 
and Hepes (Fig. 4A). Optimal activity of the protease activ- 
ity of BoNT/B LC was found at near-neutral pH with a 
maximum between 6.6 and 7.3 (Fig. 4A). The rate of cleav- 
age of peptide HV35 was markedly reduced at pH values 
higher than 7.5 and lower than 6.0. Although pH variations 
could cause changes in the substrate diminishing the cleav- 
abiliry in a pH-dependent fashion, the small level of activity 
remaining at pH values higher than 7.5 and lower than 6.0 
could be accounted for by a change in the ionization of the 
histidine residues which co-ordinate the zinc molecule in 
the catalytic mechanism of BoNT/B LC Fig. 4A also dem- 
onstrates that the rate of cleavage of HV35 by BoNT/B LC 
was influenced by the type of buffers used in the reaction 
mixtures. Cleavage rates of the peptide in PIPES were lower 
than that observed with Hepes and Mes. For comparison, 
the optimum pH values of BoNT/A LC [40] and BoNT/B 
[41] are 7.0-7.5 and 6.5-7.0, respectively. Since the highest 
rates of metalloprotease activity by BoNT/B LC were 
observed in Hepes buffer, this buffer was used throughout 
assay experiments. The metalloprotease activity of BoNT/B 
LC was also influenced by temperature; being more active 
at 37 "C (Fig.4B). Similar results were noted for BoNT/A 
LC and BoNT/B. It is uncertain whether this result is a 
reflection of the thermal conformational stability of BoNT/ 
B LC or substrate HV35. The effect of ionic strength on 
metalloprotease activity of BoNT/B LC was also studied. 
Increasing the concentration of sodium chloride in 50 mM 
Hepes buffer had markedly inhibited the protease activity 
of BoNT/B LC (Fig. 4C). Similar results with respect to the 
effect of ionic strength have been reported for the cleavage 
ofHV35byBoNT/B[30]. 



Then. 



on ofBoNTIB LC 



To probe the pH and ZnCl 2 affect on LC stability, 
unfolding of LC was examined by monitoring the CD 
signal at 222 nm as a function of temperature. Fig. 5 
shows the thermal transition curves of LC ur " " ~ 
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pH conditions and in the presence of 0.5 raM ZnC] 2 . 
Although the secondary structure was not affected by zinc 
and different pH conditions, the unfolding pattern of LC 
determined in the presence of ZnCl 2 differed i " 
Sharp and monophasic denaturation 
obtained in the absence and presence of 0.5 mM ZnCl 2 in 
46 mM Pipes, pH 6.5, and in the absence of ZnCl 2 in 
46 mM Mes, pH 5.5, or 46 mM Hepes, pH 8.0, indicating 
that the LC preparation was homogeneous in all condi- 
tions. The thermal denaturation curves allowed calcula- 
tion of the apparent melting temperature T m (midpoint of 
thermal transition) values. The denaturation curves of the 
LC in the absence of ZnCl 2 at pH 5.5, 6.5, and 8.0 coin- 
cided and yielded a T m of 46 °C. LC at pH 5.5, 6.5, and 8.0 
in the presence of ZnCl 2 yielded a T„ of 56 «C. We can 
conclude from this data that the presence of ZnCl 2 
appears to significantly stabilize the LC as indicated by an 
increaseinr m bylO°C. 

Enzyme kinetics of BoNTIB LC 

To determine the K m and values initial rates of pro- 
teolysis were determined in triplicate for various concentra- 
tions of the substrate (0.016-0.1 mM) and results were 
plotted as XIV versus 1/S (Fig. 6, Lineweaver- Burke plot). 
Under the conditions of the assays, the recombinant light 
chain cleaved the substrate with a K m of 0.083mM, a K m „ 
of 7.8 umol/min/mg LC, and the K at was determined to be 
40/s. For comparison, the K m of the native dichain toxin is 
reported to be 0.33 mM (k at =2Ali) [30]. The lower K„ for 



Fig. 6. Determination of K m and V m from the double-redprocal 
(Lineweaver-Burke) plot of initial rates of proteolysis versus seven differ- 
ent substrate concentrations ranging from 0.016 to 0.1 mM by BoNT/B 
LC. Assay mixtures (30 ul) contained SOmM Hepes buffer (pH 7.2) and 
1.0 us/ml BoNT/B LC. The and were calculated as 0.083 mM and 



the LC may be due to a more exposed active site in the free 
LC than in the LC of the native toxin where the active site 
is surrounded by the translocation domain belt and the 
long axis of the translocation domain [42]. Thus, the cata- 
lytic efficiency kJK„ of the LC, 482 [(M-'s-'jx 10 s ] 
which is consistent with the reported value [43], is higher 
than that of the native toxin, 72 [(M"' s" 1 ) x 10 s ] [30]. 



To test the stability of the protein, as well as examine the 
protein for fragmentation similar to that of BoNT/A LC as 
reported previously [40], protein was stored in aliquots and 
left at 23 or 4°C for a predetermined time. SDS-PAGE load 
buffer was added to an aliquot before running the protein on 
a 10% tricine gel. The protein stored at 4°C was stable for a 
period of 1 1 0 days in the presence or absence of ZnCl 2 and 
no fragmentation was observed (not shown). However, the 
protein stored at 23 'C demonstrated truncation of the LC 
when the protein was incubated in the presence of ZnCl 2 
(Fig. 7) at day 25. Examination of BoNT/B LC stored with 
ZnCl 2 at room temperature for a shorter period of time indi- 
cated that fragmentation can be detected. Similar results 
have been reported for BoNT/A LC [26]. 

We also tested the activity of the protein at the end point 
and found that the protein stored in 50 mM 
sodium phosphate, pH 6.5 at 4°C retained 100% of its 
initial catalytic activity while the protein stored at 23 °C, in 
the same buffer, retained 90% of its enzymatic activity. 
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se of Znd,; lane 3, day zero, BoNT/B LC in 50mM Na-phos- 
Ter, pH 6.5, in the presence of ZnClj; lane 4, day 25. BoNT/B LC 

1 hate buffer, pH 6.5, in the absence of ZnCli lane 5, 

in 50mM Na-phosphate buffer. pH 6.5, in the prea- 



b Mice were challenged wi1 



LD M ofBoNT;B7daysafter 



native BoNT/B toxin with the exception of one mouse 
(Table 4). Individual serum antibody ELISA titers of mice 
injected with soluble BoNT/B correlated with survival as all 
mice with ELISA titers of 100 or greater survived toxin 
challenge (Table 4). Mice with titers less than 100 did not 
survive. The work presented here demonstrates that puri- 
fied BoNT/B LC has the capacity to protect against a chal- 



«. Three groups of 20 mice were 
used for each protection assay. Two groups of 20 mice were 
injected with the LC i.m.; one group with 5ug/mouse and 
one group with 15 tig/mouse. Each group received three 
injections, were bled, and subsequently challenged with 
BoNT B toxin by i.p. administration (Table 3). Within each 
group of 20, 10 mice were challenged with 1 x 10 2 and 10 
mice were challenged with 1 x 10 3 MLD50 holotoxin. Sur- 
vivor data is recorded as the number of survivors from the 
total number of animals tested. Naive mice were challenged 
with the same levels of toxin and used as control. Mice were 
observed daily and the number of mice that survived after 5 
days was recorded. None of the control animals survived 
when toxin was administered. Mice that received three 
injections of 5 ug of purified soluble BoNT/B LC were com- 
pletely protected when challenged with i.p. 10 2 or 10 3 LD^ 
of BoNT/B toxin. Three doses of lSug of purified BoNT/B 
LC protected mice from a challenge of 10 2 or 10 3 LD ra of 



This paper describes the expression of BoNT/B LC in 
E. coli using an optimized synthetic gene to produce a 
highly pure, SOkDa protein. The growth and induction 
conditions for expression were optimized to obtain this 
protein in the soluble fraction. Traditional ion exchange 
chromatography methods were used to purify a protein 
that is highly active. CD analysis and tryptophan fluores- 
cence emission spectroscopy indicate that the LC possesses 
a defined set of secondary and tertiary structures. The only 
Trp residue is in a hydrophobic environment as indicated 
by a blue-shifted emission of 3 1 8 nm. The CD analysis 
indicates that the secondary structure of the light chain 
consists predominantly of p-sheets which is consistent with 
the known structure of the recombinant BoNT B heavy 
chain [44], We also conclude that the Trp residue is con- 




ported by the published X-ray crystallography structure of 
BoNT/B [42,45]. The unfolding of BoNT/B LC at different 
pH values demonstrate that pH has no significant effect, 
however, the addition of zinc increases the thermal stability 
of the LC at pH 6.5. We have also demonstrated that 
pH of 7.2-7.3 is the best system among the 



ity. Kinetic analysis demonstrated that the catalytic 
efficiency of the LC is higher than that of the native dichain 
This may indicate that the LC has a more exposed 
site in free LC than in the LC of the native toxin 
where the active site is surrounded by the translocation 
belt and the long axis of the translocation domain 
[42]. The purified BoNT/B LC was stable for at least 110 
days when stored at 4°C in 50 mM sodium phosphate, pH 
6.5, remained fully soluble, and retained its initial catalytic 
activity. 
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Like BoNT/A LC, BoNT/B LC s 
from E coli is nontoxic when injected into mice at a concen- 
tration of 5-1 5 ug of LC per mouse [40]. Table 4 shows that an 
■a tested had titers against BoNT/B. With the 
me mouse, which had a titer below 100, the mice 
were protected against subsequent challenge with low doses 
of BoNT/B toxin. In contrast, purified BoNT/A LC failed to 
protect even when titers were boosted with adjuvant [40]. 

In conclusion we have expressed and purified 54mg/g 
quantities of recombinant BoNTYB LC and characterized 
the protein. The protein is soluble, nontoxic, catalytically 
active and highly stable making it ideal for investigators to 
identify potential inhibitors. 
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Roads From Vaccines to Therapies 
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Challenged wiih 10 s MLD M BoNT/A at vai 



10/10 10/10 



10/10 10/10 



Mice in group I received 5 ug of purified recombinant BoNT/A (HJ 



(0.175*) 

receiving vaccine without adjuvant Antibody titers were 
detectable by ELBA up 
CFig. 1). These titers, " 



were completely protected from a challenge of 10* 
MLD S0 toxin regardless of the BoNT serotype (Table 2). 
All mice receiving three vaccinations, except for mice 
receiving rBoNT/F (H c ) vaccine and challenged with 
BoNT/F, were completely protected from a toxin chal- 
lenge of 10= MLD 50 . Mice covaccinated with rBoNT/B 
(IL) and rBoNT/F (H e ) vaccines were protected from a 
challenge of 10 s MLD S0 BoNT,F (Table 2). 

BoNT/A light chain (LC), LC+belt, and 
LC+translocation domain (H„) were expressed and 
of an E. coli cell 
vere assayed for en- 
tities. The specific 
■A rLC in a protease assay using a 
SNAP-25 derive (synaptosomal-associated protein of 
Mr = 25 kDa) substrate was 2.15 u,mol/min per mg; 
LC+belt, 0.27 p.mol/min per mg; and LC+H„, 0.02 




the methylotropic yeast Pichia pastoris. All five 
were tested for their ability to induce protective 
nity in mice. Mice were given o 
(1 (ig per dose) of vaccine at 0-, A 
then challenged with increasing levels of homologous 
toxin (Table 2). All mice receiving two doses of ' 



The epitopes recognized by neu- 
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toris was successfully used, and high-level ex 
of soluble BoNT (H c ) was achieved. 4 - 5 Anil 
cacy studies demonstrated that the fragment 

and that protection is long lasting. 

BoNT/A (LC). LC + belt, and 
expressed in E. coli. By varying fe 
tions, LC could be expressed as inclusion bodies or as 
a soluble protein. LC purified from inclusion bodies 
and refolded had a specific activity of 0.29 u-moVmin 
per mg>° comparable to that reported for native toxin 12 
using a SNAP-25 derived substrate. LC expressed and 
purified from the soluble fraction of E. coli was stable 
and had a specific activity of 2.15 u.mol/min per mg. 
LC has proven to be a valuable reagent in high- 
throughput proteolytic assays 13 - 14 and assays for 
screening inhibitors 13 of its catalytic activity. Like 
BoNT/A (jy, LC+belt and LC+H. induced neutral- 
ce. LC in phosphate buffer did 
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Cell bank characterization and fermentation optimization for 
production of recombinant heavy chain C-terminal fragment of 
botulinum neurotoxin serotype E (rBoNTE(Hc): Antigen E) 
by Pichia pastoris 
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A process was developed for production of a candidate vaccine antigen, recombinant C-terminal heavy chain fragment of the 
botulinum neurotoxin serotype E, rBoNTEOt) laPichia pastoris. P. pastoris strain GS 115 was transformed with the rBoNTEtHc) 
gene inserted into pHILD4 Escherichia coli — P. pastoris shuttle plasmid. The clone was characterized for genetic stability, copy 
number, and BoNTE(H) sequence. Expression of rBoNTECH.) from the Mut* H1S4 clone was confirmed in the shake-flask, 
prior to developing a fed-batch fermentation process at 5 and 19 L scale. The fermentation process consists of a glycerol growth 
phase in batch and fed-batch mode using a defined medium followed by a glycerol/methanol transition phase for adaptation 
to growth on methanol and a methanol induction phase resulting in the production of rBoNTEfH,). Specific growth rate, ratio 
of growth to induction phase, and time of induction were critical for optimal rBohTTE(H0 production and in ' - 
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2007010008 
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for process monitoring. The optimized process had an induction tune of 9 h on methanol and produced up to 3 mg of rBoNTE(H e ) 
per gram wet cell mass as detenrdned by HPLC and Western blot analysis. 
© 2006 Elsevier B.V. All rights reserved. 

Keywords: Recombinant terminal heavy chain fragment of the Botulinum neurotoxin serotype B; Pickia pmurir. Cell-bat* characterization; 



Nomenclature 

D derivative factor 

F methanol feed rate (g/h) 

/ integral constant 

m maintenance coefficient (g/g/h) 



K cell density correction factor 

V LnenuIuonuMdium volume® 

X wet cell density (g/1) 

Yjjt observed yield of biomass to substrate 

(sis) 

Creek letters 




1 utilization rate (g/g/h) 



MeOH methanol 
0 at initial time 




2001 ). The toxin produced by the bacteria, Clostridium 
Botulinum and other closely related clostridial species, 
is a zinc endoprotease that acts to prevent the release of 
acetylcholine thus blocking neuromuscular transmis- 



sion which, if untreated, progressively leads to skeletal 
muscle paralysis and eventually death from respiratory 
failure (Dreyer and Habermann, 1986; Simpson, 1986; 
Pellizzari et al., 1999). There are seven antigenically 



distinct serotypes of the neurotoxin designated as A, B, 
C i , D. E F and G (Hatheway, 1989). These neurotoxins 
cleave specific sites on the soluble ^-emylmaleimide- 



SNARE proteins (Schiavo et al., 1993; Foran et al., 
1996; Niemann et al., 1994; Blasi et al., 1993). SNARE 
proteins are key components of the nerve cell sys- 
tem responsible for the release of the neurotransmitter 
acetylcholine into the synapse at the neuromuscular 
junction, which ultimately stimulates the associated 
muscle (Jahn and Sudhof, 1999). The SNARE pro- 
teins consist of synaptobrevin on the vesicle membrane 
and syntaxin and synaptosome- associated protein of 
25 kDa (SNAP2S) at the synaptic membrane. Serotype 
E cleaves SNAP25 which prevents assembly of the 
synaptic fusion complex and therefore the fusion of 
the acetylcholine-containing vesicle and the synaptic 
membrane. This prevents the release of acetylcholine 
into the synapse resulting in a lack of stimulation of 
the downstream muscle fibers and results in muscle 
paralysis (Schiavo et al., 1993; Simpson, 1986; Byrne 
and Smith, 2000). Structurally, the botulinum neu- 
rotoxins have two domains, a 100 kDa heavy chain 
and a SO kDa light chain bound together by a disul- 
fide bond (DasGupta, 1989; DasGupta and Sugiyama, 
1972). Functionally, the heavy chain consists of two 
subdomains, a domain at the N-terminus responsible 
for membrane transfer into the nerve cell, and a domain 
at the C-tenninus responsible for binding to the nerve 
cell membrane. The light chain is zinc dependent pro- 
teases which cleave the SNARE proteins (Smith, 1998). 
However, both the non-toxic heavy and light chain 
fragments are antigenic and can elicit protective immu- 
nity in animals challenged with the toxin (Byrne and 
Smith, 2000). To counteract the threat from the lethal 
botulinum neurotoxin, various attempts were made to 
develop an effective vaccine against all serotypes. Ini- 
tial attempts included development of a pentavalent 
(A-E) toxoid vaccine by the U.S. Army for immunizing 
Army personnel who might be exposed to biological 
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protection in a mouse efficacy model while the ungly- 
cosylated rBoNTB(Hc) control provided the necessary 
protection (Byrne et aL, 1998; Smith, 1998). The deci- 
sion was made to express all rBoNT(Hc) intracellularly 
to eliminate potential glycosylation. The expression of 
rBoNTE(Hc) is under the control of the alcohol oxi- 
dase promoter in a methanol utilization positive strain 
(Mut + ), which is induced by methanol as the sole car- 
bon source and repressed by other carbon sources like 
glycerol or glucose (Inan and Meagher, 2001). 

The purpose of this work is to characterize a research 




which made refolding difficult resulting in a low yield 
(Smith et al., 2004). 

Subsequently, a Pichia pastoris expression system 
was evaluated for expression of rBoNTEO^). Previ- 
ously, P. pastoris was used to express high levels (27% 
of the total cell protein or about 12g/L of culture) of 



in (Clare et al„ 1991). P. pastoris is a coimnercially 
useful organism for high level expression of recombi- 
nant proteins with many advantages (Zhang et al., 2000; 
Gellissen, 2000). The organism grows or ' " 
to high cell densities on either glycerol or n 
as the sole carbon source (Zhang et al., 2000; Sinha 
et al., 2003) and heterologous protein production is 
under the control of a strong but tightly regulated alco- 
hol oxidase promoter induced by methanol. P. pastoris 
can be grown to the desired cell density on glycerol 



2.1. Strain development 



i. rBoNTE(Hc) gene was synthesized based on the 
i NCTC 1 1219 strain and P. 
» usage (Loveless, 2001). The codon opti- 
mized rBoNTEOL;) gene was inserted into the pHILD4 
expression vector (Sreekrishna and Kropp, 1996) at the 
EcoW site (Fig. 1). After amplification in £. «>«DH5a, 
the plasmid was linearized with Sstl and then trans- 
formed into P. pastoris GS115 (ftis-9 by spheroplast 
procedure as described by Cregg and Kimberly (1998). 
Cells growing on minimal dextrose (MD) media lack- 
1 for copy number on YPD 




h rBoNTB(Hc) 
found that secretion of rBoNTB(Hc) resulted in glyco- 
sylation due to JV-glycosylation recognition sequences 
" }ugh native botulinum neurotoxin is not gly- 
d. Glycosylated rBoNTB(Ho) did not provide 



otic, geneticin (G418) up to 10mg/mJL Cells grown in 
25 mL of minimal glycerol medium without histidine 
(1.34* yeast nitrogen base (YNB), 4 x 10" 5 % biotin, 
1* glycerol/L sterile distilled water) to an OD«x)iim 
of 4-8 were transferred to 2 L baffled flasks containing 
175 mL of minimal methanol medium (1.34% YNB, 
4 x 10" 5 % biotin, 0.5% methanol) (Loveless, 2001). 
The cultures were harvested at 22.5 h by cemrifuga- 
tion at 2000 xg for 5min at 4°C. The cells were 
ruptured and the cell extract after centrifugation at 
10,000 x g was examined for best production by West- 
em blot analysis. The best producing clone, P. pas- 
toris [rBoNTEGW E3] was selected as the production 
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stry and analyzed using ABI Prism 377 DNA 



pH!LD4/rBoNTE(Hc) 



2.3.2. Cellular morphology and cell viability 
XI tt Cellular morphology was determined by the gram 

staining process. The cells were visualized with a 
microscope under oil immersion at lOOx magnifi- 
cation to distinguish cell size and shape. Cell via- 
bility » 



into pHIL-Dl (Snxkrishna and Krapp, 1996). 



2.2. Cell bank production 

A single colony from a YPD pli 
to a test tube containing lOmL of YPD : 
The test tube was incubated at 30 °C and 200 rpm 
in a rotary shaker for 24 h. Five millilitres of culture 
was used as inoculum for lOOmL of YPD media in 
500 mL baffled shake flask. The culture was grown up 
to8-100D 6 oo„ 
above. When thi 
glycerol was added to a final concentration of 15% 
(v/v). The 

oughly, and 1 mL of n 
cally into 2mL cryovials (Sarstedt, Hayward, CA). 



2.3. Cell bank characterization experiments 



The culture identity test was performed by Accu- 
genix Inc. (Newark, DE). In brief, a 500 bp region 
of the D2 segment of the 25-28S rRNA locus was 
amplified from purified DNA using the PE Biosys- 
tems' MicroSeq DS LSU rDNA fungal sequencing 
kit. Both DNA strands of the amplified fragment 



23.3. Structural integrity of the inserted 
rBoNTE(H c ) gene 

Structural integrity of rBoNTEOfc) gene after cell 
bank manufacturing with P. pastoris rBoNTE(Hc) E3 
clone was assessed by Southern blot analysis. Genomic 
DNA was isolated from P. pastoris rBoNTEfllc) clone 
using MasterPure Yeast DNA Purification Kit (Epi- 
n, WI) from YPD grown culture. One 
lie DNA was digested with HstXL 
EcoKl, BcoRV, ffindlll, Nhel and Xbal and separated 
on a 0.8% Agarose gel. The DNA was transferred to 
a positively charged nylon membrane, Zeta-Probe GT 
(BioRad, Hercules, CA) using the method described 
by Southern (1975) and fixed to the membrane by a 
e was pre-hybridized 
for 30 min at 40 °C with a hybridization solution sup- 
plied by DIG High Prime DNA Labeling and Detection 
Starter Kit U (Roche Diagnostics Corporation, Indi- 
anapolis, IN). Upon completion of pie-hybridization, 
the DIG labeled whole rBoNTE(HJ gene in the same 



2.3.4. Insert copy number 

Insert copy number was also estimated using 
Southern blot analysis. The chromosomal DNA of 
P. pastoris rBoNTE(Hc) E3 clone, GS115, and 
pHTLDMrBoNTE(Hc) plasmid DNA were digested 
with Xbal and ran on a 0.8% TAE agarose gel. South- 



m blotting was performed according to the previously 
escribed method using the 1600 bp NcdUXbdl frag- 
asot of HIS4 



2.5.5. Insert DNA, 

The DNA sequence of the rBoNTE(Hc) 
inserted into the/? 

follows. The cells were induced for 12h 
containing media (BMMY) before 
RNA. The cells were disrupted in 
with TRI Re; * 

si, OH) and 0 J 
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2.5. Fermentation 



iwl 



Bioflo IH/3000 fcrmentors (5L) were interfaced 
with NBS BioCommand32 (New Brunswick Scientific 
Company. Edison, NJ) software while NLF22 
(22 L) (Bioengineering AG) were inter- 
Solu- 
tions, Inc., Naperville, IL) for complete supervisory 
control. The closed-loop feed control system consisted 




extracted with isopropanol. These samples were cen- 
trifuged and the pellets of RNA were washed with 75% 
ethanol, centrifuged and air-dried. The pellets were 
re-suspended in FORM AZOL®, (Molecular Research 
Center Inc., Cincinnati, OH) incubated for lOmin 
at 60 °C in a multi-block heater and the RNA was 
stored at -80 °C. Messenger RNA was purified from 
total RNA with Qiagen Oligotex mRNA Spin Column 
Purification Kit (Qiagen, Valencia, CA). The mRNA 
was used as template for one step RT-PCR using 
Superscript One-Step RT-PCR for Long Templates 
kit from Invitrogen (Carlsbad, CA) using forward 5'- 
GAATTCACCATGGGAGAGAG-3' and reverse 5'- 
GAATTCCTATTATTTTTCTTGCCATCC-3' 

The PCR product was ligated into pCRH-TOPO 
vector using TOPO TA Cloning Kit Dual Promoter 
from Invitrogen (Carlsbad, CA). Two positive clones 
were sequenced with a total of eight primers to ensure 



The NLF Bi 

tors were controlled by Mitsubishi FX programmable 
logic controllers (PLCs) which were interlaced with 
Batch Expert via an open connectivity (OPC) server 
and an OPC bridge. A dynamic data exchange (DDE) 
bridge was used to interface the Batch-Expert soft- 
ware with a VG Prima SB mass spectrometer (Thermo 
Electron Corporation, Houston, TX), which was used 
for online analysis of residual methanol and other by- 

tient. Open database connectivity (ODBC) bridge was 
also set up to exchange data between Batch-Expert and 




ously sterilized BMGY medium (1% yeast extract, 2% 
(w/v) soy tone, 0.1 M potassium phosphate buffer-pH 
6.0, 1.3% (w/v) yeast nitrogen base and 1.2% (w/v) 
glycerol) in shake flasks. The culture was grown for 
ly 24 h to an ODeoo™ of 4-5. The seed 
re (100 mL) was transferred aseptically to 2 L of 



medium which contained in g/L deionized water: 
KH2PO4, 42.9; (NH4)2S0 4 , 5.0; CaS0 4 -2H 2 0, 0.5; 
MgS0 4 -7H 2 0, 11.7; K2SO4, 14.3; glycerol, 20. In 
addition, 4.35 mL/L PTM1 salt was filter sterilized and 
added to the medium. PTM1 salts contained (in g/L 
deionized water): CuSO„-5Hj0, 2.0; ZnCl 2 , 7.0; Nal, 
0.08; FeS0 4 -7H 2 0, 22.0; MnS0 4 H 2 0, 3.0; Biotin, 
0.2; Na 2 Mo0 4 -2H 2 0, 0.2; boric acid, 0.02; CoCl 2 , 0.5 
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4, 2niL. All chemicals w, 



included in the UNL-BPDFs st 



tation. The dissolved oxygen (DO) was set at 40% of 
saturation and was controlled by a DO cascade of agi- 
tation (maximum of 800 rpm for 5L fermentor and 
1 000 rpm for 22 L fermentor) followed by supplement- 



rBoNTE^) by Western blot (qualitative) and HPLC 
(quantitative). A defined sampling schedule and sam- 
pling instructions were given in the batch record. The 



detailed equipment list The batch record referenced all 
pertinent standard operating procedures (SOP), which 
were also transferred to the contract manufacturing 
ig (CMO) along with Material Safety Data 
:ts (MSDS) and other safety precautions. 
After inoculation of the fermentation medium, the 

until the glycerol was consumed, which was marked 
by a sudden and sharp increase in the dissolved oxy- 
gen level (a DO spike). This was followed by a glycerol 
fed-batch phase (linear feed: 13.3 g/L/h) to obtain a tar- 
geted cell density. A 63% (w/v) glycerol (13.3 g/L/h) 

ig 12mL/L PTM1 salts was used as the 

jg the glycerol fed-batch phase. At 



glycerol feed rate was programmed to decrease lin- 
early from 13.3 g/h/L to zero over a 3-h period. This 
3-h period is considered the transition phase as the cells 
adapt to methanol as the sole carbon source (Zhang et 
al, 2000). A pre-calibrated methanol sensor was used 
rf methanol from off-gas which 



reached undetectable levels between 1.5 and 2 h after 
the addition of the bolus of methanol to the fermentor. 
At this time a continuous feed of methanol contain- 
ing 12mL/LofPTMl salts (methanol fed-batch phase) 
re grown using an expo- 



intervals andcentrifuged at 8000 x g for 10 min at 4 °C. 
The pellet was washed by re-suspending the pellet in 
cold lysis buffer (50mM sodium phosphate. pH 7.5), 
cenlrifuged at 10,000 rcf for 5 min at 4 °C, decanting 
the supernatant, and re-suspending the pellet in the cold 
lysis buffer (lOmL buffer/g pellet) with 50uI7(g cell 
pellet) each of 0.5M EDTA and 0.2M phenyhnethyl- 
sulfonylfluoride (PMSF). The cells were broken in a 
bead beater at 5°C (3.7-3.9 g cold zirconia beads/g 
cell pellet) with 3 cycles of 1 min burst each with 5 min 
rest between cycles at 5 °C. The broken cells were cen- 
trifugedat5000 x ;for5minat5 °C to separate the cell 
extract from the cell debris and the zirconia beads and 
then re-centrifuged at 18,000 x g for lOmin at 5 °C to 
remove any particulates prior to analysis. Protein bands 
from fermentation samples were separated on a 10% 
Bis-Tris gel with MOPS, pH 7.7 as the running buffer 
and then transferred to a (polyvinyhdine difluoride) 
PVDF membrane using a semi-dry transfer appara- 
tus (Bio-Rad, Hercules, CA). The PVDF membrane 
was soaked with blotto (5% (w/v) skimmed milk pow- 



anti-BoNTE(Hc) antibodies derived from chickens for 
1 h at a dilution of 1:3000, washed at least twice with 
Tris buffered saline (TBS) followed by treatment with 
peroxide labeled affinity purified goat anti-chicken sec- 
ondary antibodies (Kirkland and Perry, Gaithersburg, 
MA) atadilution of 1:6667 for 1 h. The membrane was 

ig the ECL+plus Western Blotting 
Detection System (Amersham Biosciences, NJ). Puri- 
fied rBoNTECHc) was used as the standard. 
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m ofrBoNTE(H c ) by HPLC 

on of rBoNTECH;) in the cell extract 
:d using a Waters (Milford, MA) high per- 
« liquid chromatography system comprising 
a Model 600 four-solvent pump, Model 486 UV-vis 
detector and a Model 717 Plus auto-sampler. Waters 
HPLC software, Empower 5.0, was used for instru- 



ih 1000 m 



Analysis was performed using a methyl acrylate co- 
polymer (TSK gel phenyl 5-PW) hydrophobic inter- 
action column (10 urn, 7.S mm x 75 mm; Tosoh Bio- 
Science, Tokyo, Japan) . The cell extract (0.5 mg protein 
per injection) was injected on to the column which was 
pre-conditioned with a mixture of 25% (v/v) of mobile 
phase A (0.2 M Tris-HQ, 2 mM EDTA, pH 7.7), 40% 
(v/v) of mobile phase B (1 M ammonium sulfate, 2 mM 
EDTA) and 35% (v/v) mobile phase C (2 mM EDTA) 
for 1 h. The rfloNTEXH.) protein was eluted using a 
programmed gradient of the mobile phases A-C for 
55 min at 1 mL/min. The composition of the individual 
solutions is the same as described earlier. 

2.9. Proteose assay 

Protease activity in the cell extract was analyzed 
by measuring the fluorescent intensity of the liberated 
dye-labeled peptides from highly quenched fluorescent 
casein (Bodipy -casein FL) as a substrate (Jones et al., 
1997). One unit of protease activity was defined as 



itoneal LD 50 of 
lumbers of sur- 
vivors were recorded 5 days post-challenge. Results 
were evaluated by the analysis of survival rates and 
calculation of the effective dose by probit analysis. 
Probit dose-response models were fitted to dose lethal- 
ity data and the estimated parameters of the probit 
dose-response model were used to calculate EDso val- 
ues, i.e., the theoretical effective dose of vaccine at 
which 50% of the animals vaccinated survive chal- 
lenge. The 95% confidence interval for the ED J0 was 




or pPHJLD4/rBoNTE(H c ) was 
m in Fig. 1 (Loveless, 2001). The 
'e EcoRI was utilized for the 
in of the rBoNT&XHc) gene fragment. The plas- 
' 'ie AOX1 promoter site with 



medium (Cregg and Kimberly, 1998). Dose dependent 
' ! to the antibiotic geneticin (G418) was con- 
enzyme aminoglycoside phosphostransferase (APT). 



2.10. Mouse potency bioassay 

The potency of the purified rBoNTE(Hc) was deter- 
mined using a mouse potency bioassay. A total of 7 
groups of lOmice each (Control: CD-I mice, females, 
Charles River, Raleigh, NC) were int 
cinated with 0.1 mL of diluted ant 
was diluted three-fold beginning at 8.1 u.g to 11 ng 
in 25 mM sodium succinate, 15 mM sodium phos- 
phate, pH 5.0 with 5% mannitol and 0.2% Alhydrogel 
(HCIBiosector,Frederiks - 



3.2. Cell bank characterization 



d bank was 6.56 x 10 8 



i cycle of see 
of the cells revealed that the cells were gram positive, 
ovoid cells with or without budding (results not shown) 
confirming the expected P. pastoris cell morphology. 
Cell growth on histidine-lacking media (MGY plates) 
also confirmed that GS115 host strain His - pheno- 
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rBoNTECHc). 

The rBoNTE(Hc) gene sequence was co 
sequencing of the RT-PCR product, which was the 
expected 1.3 kb fragment as described in Section 2. The 
consensus sequences of aligned DNA sequences with 
eight primers matched the theoretical rBoNTEQic) 
DNA sequence as well as the deduced amino acid 
sequence of rBoNTEfHc) protein. 

The copy number of the rBoNTE(H c ) gene inserted 
into the chromosome of P. pastoris rBoNTE(Hc)3E 
clones was estimated by Southern blot analysis (Fig. 2). 
TheGSllS host strainresultedinasingle band from the 

the genomic DNA was cut with Xbal enzyme and 
probed with a NcoVXbal fragment of the HIS4 gene 
(Fig. 2, lane 3). The transformed host resulted in two 
bands, the 3 kbband corresponding to the chromosomal 
copy of his4 gene, and an additional lOkb band corre- 
sponding to a copy of HIS4 gene from the expression 
vector (Fig. 2, lane 2). Copy number was estimated as a 
ratio of the intensity of the 10 kb band to the his4 band 
(lane 2, 71/22 = 3.22). The e> 
ceandtheav 

jy number of rBoNTE(Hc) gene in P. 
E(Hc)E3) was estimated as three. 
Structural integrity of rBoNTF^H.) in P. pastoris 
rBoNTE(Hc)E3 clone was assessed by Southern blot 
analysis. This time the genomic DNA of the P. pas- 





toris rBoNTE(Hc)E3 clone was digested by differ- 
ent enzymes and hybridized with DIG labeled whole 
rBoNTEXHc) gene. The £coRI digestion resulted in the 
expected 1 .37 kb single band for transformed strain and 
no corresponding bands for the host strain (Fig. 3, lane 

1) . This band aligned as expected with 1.37kb band 
of plasmid pHUJXrBoNTEOHc) digested with EcoRl 
restriction enzyme. Two bands were observed when 
genomic DNA was cut with Nhel enzyme since the 
rBoNTE(Hc) gene contain an internal Nhel site. BsfXI 
digestion resulted in an expected 3 kb band (Fig. 3, lane 

2) since BstXI digestion of the P HILD4/rBoNTE(Hc) 
drops a 3 kb band from the plasmid by cutting outside 
of the rBoNTE(Hc) gene. 

3.3. Shake flask growth kinetics and effect of 



the cells grew exponentially at ftotaeryed =0.1701. The 
effect of inoculum age on fermentation productivity 
was evaluated. Inocula from shake flasks at the begin- 
ning of the exponential phase, middle of the exponen- 
tial phase and the end of stationary phase, 22.75, 29.75 
and 46.75 h, respectively, were used to inoculate three 
5-L fermentors. Differences in the ODaxi's of the sam- 
ples was compensated for by varying the volume used 
to inoculate the fermentor (ODJ^ volume = 3286) so 
that the fermentor's initial ODeoo's were the same. 
The length of the batch phase with an inoculum age 
of 22.75 h was 19 h. The length of the batch phase 
increased to 22.25 h for both the 29.75 and 46.75 h 




HMri]lU„ was determined by mi 

using a methanol sensor, which is below the inhibitory 
level (Zhang et al., 2000), A serial PID equation was 



(1) 



2 g/L in the fermentor as described below: 
F=Ps + l Jsdt + Dxedt 

tional factor; / the integral factor andD is the derivative 
factor. 

Values of />= 2, 7=0.01 and D = 30 was found to be 

The /iMeOHjiui averaged 0.0567 h" 1 in duplicate 
experiments, which is lower than 0.0709 b -1 for 
rBoNTA(Hc) (Zhang et al., 2000) and 0.08 h~' for 
the wild type strain X-33 (GS115, His + ) (unpub- 




Westem blot showed that rBoNTE(Hc) was substan- 
tially degraded at 22.4 h of methanol induction (Fig. 4). 
It has previously been observed that faster growth on 
methanol elicits higher protease accumulation in P. 
pastoris (Sinha et al., 2003, 2005) increasing the likeli- 
hood of proteolytic degradation of the product. Hence, 
growth rates below the maximum specific growth rates 



3.5. 

Cells were grown on methanol at specific growth 
rates of 0.02, 0.03, 0.04 and 0.05h-' and the effect 
on rBoNTE(Hc) production was observed. The spe- 
cific growth rates were controlled using a model feed 
equation described by Zhang et al. (2000): 

F = (0.84/4 + 0.0071) X^oVoy (2) 

where F is the methanol feed rate (g/h); X 0 the wet cell 
density at the beginning of methanol feed (g/1); t the 
>1 fed-batch phase; Vth< " 



strain induced by production of rBoNTEffic). Recom- 
binant BoNTE(Hc) analysis by HPLC revealed that 
cell growth at liMcOH.mu. resulted in a low yield of 
rBoNTE(H c ) (0.51 mg rBoNTE(Hc)/g WCW) and the 
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:e this only la 



glycerol to metharo 

for 2-3 h, a value 
growth rates closely matched the growth rates used in 
the growth model. Maximum rBoNTE^Hc) (1 .93 mg/g 
WCW) was obtained when the cells were grown 
between /t=0.02 and 0.03 h -1 . Subsequent exper- 
iments showed that optimum rBoNTECH.) produc- 
tion occurred at a specific growth rate of 0.0267 h -1 , 
which is the optimum for rBoNTA(He) (Zhang « al., 
2000). Time course analysis of rBoNTECH:) sam- 
ples by HPLC and 

!en8±3 

and 22± 3 h of induction, 
ing maximum value at 22±3h 
mately, rBoNTECHc) 
growth and rBaNTE(HJ decreased steadily to unde- 
tectable levels after around 45 h of induction. The max- 
imum yield of intact rBoNTE(Hc) was obtained at 9 h 
of induction. 
Total 

lyzed at different times during the methanol induction. 



gen E production. It was determined that rBoNTEOry 
purified from a 9 h induction was stable at 4-8 °C for 7 
days as compared to rBoNTE(Hc) purified from a 27 h 
induction which degraded 5-10% based on SDS-PAGE 
under the same conditions (data not shown). It was this 
experiment that decided the 9h methanol induction. 



The effect of growing P. pastoris cells to vari- 





3 yield. The wet cell densities at 
the beginning of induction were varied from 200, 250, 
300 and 350 g/Lby growing the cells on a constant glyc- 
erol feed rate for an extended period of time. The cells 
were fed glycerol, as the sole carbon source, until they 
reached their desired wet cell weight (WCW) prior to a 
9 h methanol induction. It was observed that the max- 
imum specific yield of rBoNTEfHc) per gram of wet 
cells was attained when cells were induced at a WCW 
of200g/L (Fig. 6).In comparison, induction at a WCW 
of 100 g/L resulted in the same BoTNEfHy specific 




3O0gfl.;«»350g/L 
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3.7. Scale-up of fermentation 

The rBoNTE(Hc) fermentation process was scaled- 
up to a 22 L Bioengineering NLF22 fennentor (Wald, 
Switzerland) to confirm product yield prior to transfer 
for CGMP production at the 100 L scale. A technology 
transfer batch record was implemented for the 22 L fer- 
mentation in preparation for transfer to a CGMP facil- 
ity. In the batch record, the entire fermentation process 



were defined for each variable, e.g.pH:5±0J, temper- 
ature: 30±2°C, air flow: 1 ±0.1 wm flow, inoculum 
level: 50±5mL/L medium with a OD^o: 13±2. In 
the case of the methanol feed profile, the CMO did 



feed rate so this was simulated by a series of linear 
steps, which overlapped the exponential profile. Using 
a series of linear steps produced the same quality and 
quantity of rBoNTECH) and was easily transferred to 
the CMO. The technology transfer batch records pro- 




30 broth when 
a bolus of methanol (1.5 g/L) was added for adaptation: 
the methanol level in the off-gas spikes as the cells do 




(2 g/L broth) 

(as a bias) and the methanol feed started, 
so that the control system does not oscillate to control 
the methanol level at 2 g/L which is very critical for 
the process. The methanol level however was almost 
undetectable during induction, indicating that there was 
no accumulation of methanol in the medium (Fig. 7a). 
Analysis of off-gas data showed that the respiratory 
quotient (RQ) ranged from 0.5 to 0.7 and that the C0 2 
evolution rate was 2-3% during methanol induction. 



respiratory quotient (RQ). 



The fluctuations observed in oxygen uptake rate and 
RQ (Fig. 7b) were the result of a pulsating oxygen 
supply from the fennentor control unit which controls 
oxygen input by an on-off control at an oxygen require- 
ment of less thanl L/min. However, when the oxygen 
requirement is above 1 L/min, the oxygen supply was 
controlled at 0.1 L/min increments resulting in smooth 



the transition period and thi 



cine growth rate was 0.0237 h - ^ which was close to 
the theoretical specific growth rate of 0.0267 h~ 1 . The 
induction WCW varied between 114 and 134.2 g/L 



473 




in the S L fermentors (Fig. 9). At this time there is nc 

rBoNTE(Hc) yield at the 19 L scahvexcept that it was 
observed mat 19 L system provided "smoother" control 



as scaled-up from the 5 to 19 L scale, however, 
rBoNTE(Hc) yield was 1 .25 mg/g WCW at 1 1 .2 h in the 
5 L bioreactor compared to 3 .60 mg/g WCW produced 
at 9.05 h in the 19L bioreactor. The cell density aver- 
aged an increase of 4 1.5 and 40 g/L at 5 and 19 L scale, 
respectively, daring the methanol fed-batch phase. The 
yield coefficient on methanol was0.8gWCW/gMeOH 
consumed at the 5 L scale versus 0.71 g WCW/g McOH 
consumed at 19 L scale. The RQ varied from 0.5 to 1 .0 
at the 5 L scale which was close to the RQ values of 
0.5-0.7 at the 19 L scale (Figs. 8 and 9). However, the 
product quality was found to improve in the 19L fer- 
ss detected by 




es on mouse potency bioassay of 



as.n The potency of the rBoNTEfHc) produced from fer- 



rBoNTE(Hc) doses ranging from 11 ng to 8.1 u,g was 
carried out. The calculated EDjo for this potency assay 
was 214 ng, with 95% confidence limits ranging from 
86 to 491 ng. The rBoNTEfHc) for vaccination of mice 



tureofrBoNTE(Hc) wi 
transfer toaCGMP manufacturing facility, using a fully 
characterized accession cell bank. An induction time 
of 9 h was optimal for minimizing proteolytic degrada- 
tion of rBoNTETHc). The process is well-defined and 
scale-up studies at the 19 L scale indicate the ability to 
transfer the process to pilot-scale. This process is robust 



development, i.e. serotypes C, F, D and G. 
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vaccine development and clinical analysis. The currently 



s the traditional 



death. Use of Botulinum toxins as 
bioterrorism agent has long been a concern. In order to 
provide protection from the highly lethal organism and 



mouse lethality neutralization bioassay [5]. In this as 
serial dilutions of antiserum are mixed with a cons! 
amount of toxin and then injected in 
from toxicity at a given antiserum dilution is the neu- 
tralizing antibody titer of the serum, which can be 
determined by the survival rate of the injected mice. This 
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investigation of botulism in cattle [14,15] and horses, 
[16] and to detect toxin in wild birds [17]. Proof of 
concept that an ELISAcc " " 



in 1982 [18]. And most recently, an ELISA w 



Jdform 



n toxin type A in sera from human 
infants given botulinum immi 
cally (Buxton et al., personal o 

Over the past few years, researchers at United States 
Army Medical Research Institute of Infectious Diseases 
(USAMRHD) successfully developed recombinant H c 
fragment vaccine candidates for eliciting botulinum 
immunity [1]. these H c -based vaccines will be evaluated 
in clinical trials as a potential, next generation vaccine 
for the US Army. As part of that effort, ELISA could be 
used alongside the mouse lethality neutralization assay 
and direct challenge of vaccinated animals to assess 

immune responses [t>4; 19,20].- 

To support the future testing of the recombinant 
fragment C vaccines developed by the USAMRIID, we 
refined and optimized an ELISA to measure botulinum 
neurotoxin type B immune globulin G (IgG) by using 
botulinum neurotoxin serotype B fragment C (BoNT- 
B(Hy) as the solid-phase antigen. A vaccination trial of 
' it BoNTBTHc) i 



ation of several criteria of the proposed ELISA for 



id with BoNTB(Hc) by the ELISA. 
The data provide strong evidence of the utility of the 
botulinum Hc-based IgG ELISA, which may supple- 
ment the lethality neutralization assays performed 



2.1. Capture antigens 

Purified recombinant rBoNTBfHc) capture antigen 
was produced as previously described [3], The protein 
concentration was 130ug/ml, in 20 mM sodium phos- 
phate, pH 7.5. The antigen solution was stored in a 
- 70 'C freezer before use. The BoNTA(H c ) [22] and 
the BoNTFfHc) [2] antigens were purified as previously 
reported. The BoNTC(H c ) antigen was produced from 
Pichla pastoris, and purified by successive fractionation 
over Poros HQ 50, butyl sepharose 4 Fast Flow, and 
Toso Haas phenyl 650m (manuscript in preparation). 
BoNTA toxin (List Biological*, Campbell, CA), and 
BoNTB and BoNTF toxins (Food Research Institute. 
University of Wisconsin, Madison, WI), were < 



2.2. Anti-botulimim type B monkey sera 

Rhesus monkeystAfurwreu mulata). were divided into 
two sets of three groups: control group (n=2), low dose 
(1 ug vaccine) group («=6) and high dose (5 ug vaccine) 
group («=6). Each monkey in low- and high-dose 
groups was inoculated with rBoNTB(H c ) (produced 
under current Good Manufacturing Practices(cGMP) 
at the Department of Biologies Research, Pilot Bio- 
production Facility, Walter Reed Army Institute of 
Research, Silver Spring, MD) in 0.S ml saline containing 
0.2% Alhydrogel adjuvant, at weeks 0, 4, and 8. 
Monkeys in the control group received only saline/ 
Alhydrogel. Sera were collected at intervals up lo ~ 



standard for this assay. The botulinum type B IgG 
neutralization titers of sera were determined by a mouse 
neutralization bioassay [21]. The averaged type B IgG 
neutralization titer of the pooled serum was 3.5 IU/ml. 
Seven calibration standards were prepared with 5% skim 
buffer (skim milk powder, Difco, in phosphate- 
■— ' -"--i with 0.05% Tween 20 and 0.9% benzyl 
. 0- The first standard (St) was prepared 
from a 1:2000 dilution of the pooled serum. The S2-S7 
were prepared as six twofold serial dilutions of SI before 
each assay. The final concentrations of type B IgG 
(in IU/ml) in the standard solutions are: Sl=0.0018, 
S2=0.00088; S3=0:00044; S4=C.TJ0022, 55=0.00011, 
S6=0.000055, and S7=0.000028. 

2.4. ELISA 

2.4.1. Plate layout 

The ELISA was designed \o measure BoNTB-speeific 
IgG by using rBoNTB(Hc) as the solid-phase antigen. 
The basic plate layout was designed to accommodate the 
testing or four test samples in triplicate at a proper 
starting dilution and followed four fourfold serial dilu- 
tions of the sample. Each plate included three triplicate 
positive controls, one triplicate negative control, seven 
triplicate calibration standards, and one triplicate 
no-template reagent control. All unknown samples and 
controls were prepared with 5% skim milk buffer. 

2.4.2. ELISA procedure" 

The coating antigen rBoNTB(H,~) was diluted to 
2ug/ml in PBS (pH 7.4, Sigma) and volumes (100 ul/ 
1 into PVC microliter plates (Dynex 
ly, VA). After incub 
t, the plates were washed three tir 
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buffer (PBS with 0.05% Tween 20, pH 7.4, Sigma) using 
an automatic EUSA plate washer (Ultrawash Plus, 
Dynex Technologies-, -Orantilly,- VA). The plates were 
then blocked with 5% skim milk and incubated at 37 "C 
for 60 min. After washing three times, unknown samples 
(usually starting at 1:1000 dilution), standards, and 
controls were added to the plates (100 ul/well). The 
plates were incubated at 37 "C for 90 min and then 
washed. The secondary antibody, affinity-purified 
peroxidase-conjugated goat anti-human IgG (1 mg/ml, 
Kirkegaard and Perry Laboratories, Gaithersburg, 
MD), was diluted to 1:2000 with 5% skim milk buffer 
and added to plates (100 ul/well). The plates were incu- 
bated at 37 'C for 90 min and washed again. ABTS 



Perry Laboratories) was added tlOOul/well). The plates 
were incubated at room temperature for 25 min. The 
reaction was stopped by adding 100 ul/well of ABTS 
Peroxidase Stop Solution <Sx , Kirkegaard and Perry 
Laboratories). The absorbance (OD) was measured in 
dual wavelength mode with wavelength 1=405 nm and 
wavelength 2 (reference)=490 nm, using revelation™ 
software program with a microplate reader (MRX, 
Dynex Technologies, Chantilly, VA). The mean OD, 




imlypeBlgGinapook 
SfL The type B IgG CO 
m ranged from 0.0011 IU/ml (SI, 1: 



0.00016 ug/ml. These 



by the revelation'" program. The IgG 
(ILVml) of each unknown sample and control was 
calculated from each corresponding standard curve 
using a sigmoid regression equation (see Section 3). 

program determined the values 




2.4.3. 

A competitive inhibition study [23] 
assess specificity of the assay. Another pool of anti- 
botulinum type B monkey sera from the high-dose 
group of first set (n=6; average titer=2.8 IU/ml) was 
used for the study. Four different botulinum serotype 
H c proteins: BoNTB(H c ), BoNTA(H c ), BoNTF(H c ), 
and BoNTC(H c ), as well as BoNTB toxin, were used to 
inhibit the binding of anti-type B IgG in the pooled 
monkey serum to BoNTBfHy. The pooled monkey 
serum was diluted to 1:4000 with 5% skim milk buffer. 
Seven sixfold dilutions of the five inhibitors were pre- 
pared, respectively, starting at the highest concentration 
of 15 (ig/ml to the lowest concentration of 0.00032 ug/ml 
with 5% skim milk buffer. Att equal - volume of diluted 



- alone (as the 0% inhibition cc 
trol). The neutralization titer of type B IgG in all mix 
solutions was 0.00035 IU/ml. The final eoncentrati. 
of inhibitors in the mixed solutions was from 7.5 to 



equation [25] 

Y=D+(A-D)l[lHXICf) 

pooled serum, in which type B IgG 
iter was 3.5 IU/ml, we established and 
n model with the four-parameter 
logistic equation. Data of the four parameters from 15 
standard curves were calculated to be: ^=0.04 ±0.04; 
£=1.2±0.1; C=6.1± 1.5* 10' 4 IU/ml; and D=3.4±0.2, 
for this ELISA. The experimental results show that the 
four-parameter logistic equation fits the concentration- 
response very well. Fig. 1 shows a typical standard curve 
with extrapolated values, which was obtained from one 
of our experiments. 

3.2. Specificity 

te the specificity of the assay, a competitive 
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Section 2. Fig. 2 shows the inhibition effects of BeNT- 
B(Hc), BoNTB toxin, BoNTA(Hc), BoNTF(H c ), and 
BoNTC(H c ), on the antibody binding of botulinum 
type B immune monkey serum. As shown in Fig. 2, 
soluble BoNTB(H c ) completely inhibited binding at 
1 .2 petal, and yielded 50% inhibition at 0.003 ng/ml, 
whereas the concentration of BoNTB toxin needed for 
50% inhibition was 0.03(ig/ml. Other botulinum sero- 
type H c tested, such as A(Hc), FfJIc), and C(Hc), did 
not inhibit the type B antibody binding. These antibody- 
binding inhibition curves show that with BoNTBffLJ as 
the capture antigen, the ELISA is specific and sensitive 
to botulinum type B antibody. 

To further verify that type B IgG specifically binds 
only to BoNTB(Hc), not to other botulinum serotype 
antigens, we coated plates with different botulinum 
antigens, including BoTNB(Hc), BoNTB toxin, BoNT- 
F(Hc), BoNTF toxin, BoNTA(Hc), BoNTA toxin, and 
BoNTC(H c ). A pooled positive type B monkey serum 
was measured in these plates by the ELISA. Fig. 3 shows 
that IgG in the sera from type B/Hc- vaccinated 
monkeys bound to botulinum type B(H C ) protein and 
- n, but did not bind to H c of types A, C, or F, or to 



serially diluted to result in a set of samples with analyte 
concentrations that fall within the quantitative range of 
the assay, there is no apparent trend toward increasing 
or decreasing estimates of analyte concentration over 
the range of dilutions. In other words, divergence of the 
plots indicates that the analyte in the test sample is 
different, or in a different form, from that in standard 
serum [27]. Concentration-response plots on dilutions of 
12 individual positive botulinum type B monkey serum 
samples (all from 2 weeks after third vaccination) and 
calibration standards showed good parallel relationship 
(data not shown). The slopes of response-concentration 
curves for these test samples and standards are almost 
the same. The demonstration of parallelism indicates 
that the same analyte is being measured. The results 
suggest that the ELISA is specific and selective for 
botulinum type B IgG. 

3.3. Precision - - 

The precision within-run (well-to-well, from triplicate 
of same concentration and plate-to-plate, from five 
plates per day) for three positive quality control (QQ 
samples at different concentrations was evaluated. The 
%CVs of within-plate for high-, medium-, and low- 
concentration QC samples ranged from 1.3 to 11.7% for 
all five plates, except at one high concentration 
(%CV=17.5%). All within-day %CVs over five plates for 
the three QC samples were 10. 9.6, and 14.8% for high-, 
medium-, and low-concentration samples, respectively). 
Table 1 shows the within-run precision (from three 
plates per day) and day-to-day precision (from 18 plates 
ran in 6 days) of the ELISA for three QC samples. The 
%CVs of within-run ranged from 1 to 5.9% over the 6 
days. The day-to-day %CVs over 18 plates are 6.7, 3.8, 



imlypeBIgGmQCar 



Observed reiulb 




se %CVs of 
irds (S1-S7) 

e 3.0±2.S, 3.4±3.8, 4.6±4.2, 5.4*5.3, 5.7±S.4, 
5.0±4.0,and 1 1.2± 12.1%, re 



pooled positive serum (type B 
3.53 IU/ml) at high (1.76 IU/ml), 
and low (0.065 IU/ml) concentrations. The same sample 
was run in triplicate on each of three plates under same 
conditions in the same day. The i ' 



o 118% at 




■en bled .t 10, 12, end 14 weeki 



3.S. Stability 

To evaluate the stability of capture antigen BoNT- 
B(H C ) under freeze/thaw cycle conditions, six aliquote of 
BoNTB(H c ) antigen solution were separately treated by 
freezing/thawing at -70 *C to room temperature for 
additional one to five times. The ELISA plates were then 
separately coated with the differently treated BoNT- 
B(Hc) antigen. A human IgG solution (type B IgG 
concentration: 4 IU/ml) derived from persons vaccinated 
with bottrlinum pentavalenl was analyzed with these 
plates by the ELISA, starting at 1:1000 dilution and then 
1:2 serial dilutions. Experimental results indicated that 



3.6. Correlation ofEUSA titer and neutralization 



We compared ELISA titer with protective antibody 
titers determined with a neutralization mouse bioassay 
(Boles et al., manuscript in preparation) of sera from 
monkeys after completion of vaccination (weeks 10, 12, 
and 14 after the first immunization) (Fig. 4). Statistical 
data showed that ELISA titers obtained with this assay 
were well correlated with the protective neutralization 
antibody titers, the correlation coefficient, r, was 0.91. 



C )'. Mndsry el at. 1 Biologtcals 31 /20O3) 17-24 



l 

l 3 



i Mi 



ELISA. The ELISA IgG oe 
by comparing sample OD value with calibrated standard 
curves. Fig. 5 shows the geometric mean IgG titers of 
type B botulinum monkey sera from various time points 
over the course of study. Both 1 and 5 jig doses stimu- 
lated significant high antibody response. Geometric 
mean ELISA titer increased from baseline (pre- 
vaccination sera) to 2.30 lU/ml for the 1 ug dose group 
and to 2.45 IU/ml for the 5 ug dose group at 4 weeks 
after the second vaccination (8 weeks). As measured by 
ELISA, the specific IgG levels peaked at 2 weeks follow- 
ing the third injection (10 weeks). Six months after the 
first inoculation, the total anti-BoNTBfJHc) IgG levels 
measured by ELISA had declined. 



This ELISA was developed with the intent of sup- 
porting planned clinical trials of Hc-based recombinant 
vaccine products and was used here to measure the 
specific humoral immune response of monkeys vacci- 
nated with rBoNTBfHc) recombinant vaccine candi- 
date. The capture antigen used for the ELISA was 
purified rBoNTB(H c ). Inhibition and specific binding 
studies found no cross-reactivity of anti-BoNT(Hc) 
antibody with the purified BoNT(H c ) serotypes A, C, 
and F, as well as with' types A and F toxins. Using 
BoNTB(H c ) as capture antigen, the ELISA was able to 
distinguish between serotype antibody levels. Parallelism 
of diluted type B monkey serum samples with diluted 
standard indicated that the matrix effect of monkey 
serum was not significant. Specific binding oflype B IgG 
to B(H C ) and parallelism of sample dilutions with stand- 
ard dilutions indicated that the ELISA was specific and 
sensitive to botulinum type B antibody. Using the 
four-parameter logistic equation to f" " 



ELISA includes 7 points, all of which were-weH fitted to 
the curve. The %CVs from triplicates of seven standards 
were very low. Experimental data showed that the lower 
limit of detection for diluted botulinum type B IgG was 
approximately 0.0001 1 IU/ml, which was more sensitive 
than the mouse bioassay. Experimental data demon- 
strate that the ELISA had excellent precision, accuracy, 
and dilutional linearity. The low %CVs from wcll-to- 
well, plate-to-plate, and day-to-day for QC samples and 
calibration standards indicate excellent precision of the 
ELISA. The closeness of observed type B IgG concen- 
trations' to their nominal concentrations in QC samples 
and spiked type B monkey serum samples demonstrated 
the accuracy and linearity of the ELISA. 

The H c of botulinum toxin may not be the only 
domain of the protein to induce protective antibodies 
after toxoid immunization. Light chain (LC) and the 
N-terminal domain of the heavy chain (HJ elicit pro- 
tective immunity when used to immunize rabbits [28] or 
mice [29]. The ELISA does detect anti-botulinum IgG in 
sera from individuals vaccinated with toxoid vaccine. In 
our stability experiment, the ELISA was applied to 
measure the type B IgG concentration in a human IgG 
preparation from sera of volunteers vaccinated with 
botulinum pentavalent toxoid vaccine. Results suprat 
that the H^based ELISA could also provide u 
information for the df 
whole toxoid 

ELISA i 



] the analytical 
performance of the ELISA. Comparison of the ELISA 
titers with neutralization titers of monkey sera from 10, 
12, and 14 weeks after first vaccination showed strong 
■* v ' ! *'"~ ""it there is a good correlation between these 
Is (r=0.91). Previous reports also showed 



example, in a phase I clinical trial [30], in which purified 
type F toxoid was administered to volunteers, serum 
samples- were -evaluated- for an antibody response at 
various time intervals over 1 year by mouse bioassay and 
ELISA. After completion of the primary vaccination 
series, ELISA titers correlated well with mouse neutral- 
ization bioassay titers (r=0.86). An earlier study showed 
that the correlation coefficients between ELISA and 
neutralization titer was r=0.69, F<0.000l for 186 penta- 
valent (ABCDE) toxoid vaccinated human sera for type 
A immune response and r=0.77, fO.OOOl for 168 sera 
for type B antibody [31]. 

We believe, if there exists a high correlation between 
protection and serum titer, then the ELISA titers can be 
used as an alternative to actively challenging animals 
with Botulinum toxins. Several studies using whole 
neurotoxin as capture antigen, demonstrated that 
ELISA can predict protective immunity. For botulinum 
type FfH c )-vaccinated animals, all mice with ELISA 
titer of 1:100 or greater survived lethal toxin challenge 
[2]. For botulinum type A(H c )-vaccinated mice, ELISA 
titers correlated well with survival and neutralization 
titers: 82 out of 83 mice with titers £ 1600 survived toxin 
challenge 119). Vaccinating mice with a DNA -vaccine 
containing the H c gene fragment provided protective 



>n and the level of ELISA reactive antibody 
[20]. In rhesus monkeys vaccinated with type B(Hc). 
ELISA titers of sera after completion of the primary 
series correspond to neutralization titers and are predic- 
tive of survival against aerosol challenge [21]. These 
studies show that ELISA offers great potential as a 
surrogate or protective antibody levels in sera from 
volunteers vaccinated with H c vaccine candidates. Re- 
combinant (H c )-based ELISA should provide better 



tetanus neurotoxin, therefore, results achievable with 
tetanus IgG ELISA titer may be possible with botuli- 
num immune diagnostics. As early as 1983, studies 
indicated a good correlation between tetanus IgG 
ELISA titers and neutralization titers [32]. A collabora- 
tion study [33] carried out in Europe for pooled serum 
samples from guinea pigs vaccinated with tetanus toxoid 
vaccines observed excellent coefficients of correlation 
between ELISA and toxin neutralization test (r=0.986, 
0.925 and 0.977, respectively, from three laboratories), 
" ™* "at the toxin binding inhibi- 



ts well as between E 



a 93% pi 



tn ELISA 



populations with commercial ELISA kits and ELISA 
technique in the US, as well as in many other countries 
[34-37]. Tetanus toxin fragment C (TTFC) has been 



as coating antigen to determine TTFC-specific 
>dies in mouse sera and bronchoalveolar lavage 
by ELISA [38]: 

conclusion, by using BoNTB(Hc) as capture anti- 
ve showed that the ELISA specifically and sensi- 
measured botulinum type B antibody levels. The 
had good precision, accuracy, and linearity. 
V titers were well correlated with the protective 
bioassay titers. The ELISA could be 
type B antibody levels 
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JS>, syntaxini (HONTftjij, ana synaptoDrevra (BoNT/B, (1); however, they are remarkably useful as therapeutic agents 

BoNT/D, BoNT/F, and BoNT/G), SNARE proteina respon- (gee below). The striking potency of the toxins and their cho- 

aible for transmitter release, to cause neuromuscular Iinergic selectivity arise from their multiple domains mediat- 

paj-alysia but of different durations. BoNT/A paralysis ^ (i) targeting to motor nerve endings via high affinity in- 

lasts longest (4-6 months) in humans, hence its wide- teraction with ecto-acceDtora located exclusively thereon (4 5) 



degradation of the cleaved product a, 
target cleavage with blockade of 



,. - . . enaoproteaaes mat seieci 

h^irlu^ltel and toe fe ™™ C * — * 

'ena^glTarr^Sjan^of bb fo^T^d^ckmg* 



. Synaptosomal-associated protein of 25 kDa (SNAP-26) (8) is 

BoNT/A, BoNT/Cl, protaclyzed by BoNT/A, BoNT/Cl, and BoNT/E at separate 
<»S1, »26, -10, -2, and ""as ™" C terminus: Gln""-Arg"», Arg»»-Ala», and 
Arg^-Da" 1 , respectively (3). Another plasmalemmal protein, 
syntaxinl (STxl) (reviewed in Ref. 9), is also cleaved by BoNT/ 
CI, and synaptobrevin, a synaptic vesicle protein (Sbr) (10, 11) 
is cleaved by BoNT/B, BoNT/D, BoNT/F, BoNT/G, and tetanus 
toxin (TeTx). BoNT/A- or BoNT/E-truncated SNAP-25 (termed 
SNAP-25 A or SNAP-25b, respectively) ramains membrane- 
n by BoNT/A, BoNT/B, or bound, but release is inhibited; in the case of SNAP-25 A , some 
' * embly and disassembly of the ternary complex can still 

ur (12, 13). Truncation of STxl or Sbr by the requisite BoNT 



or <4 weeks, respectively (15, 16>, the limited results available 
for type CI suggest a duration less than or equal to that of 
BoNT/A (17). It is unclear why the recovery times in rodents 
that specif- m shorter and yet show the same rank order (1-2 months 
(BoNT/A), 21 days (BoNT/B), 7 days (BoNT/F), and 4 days 
1 (18, 19).' I 
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Bd (M in Fig. 1 legend) and 

«fim^^^inn^u^"l<^^tt1ina^APJ5 ^rnrinal 

peptide Iga or anU-HV62 Iga (SbrIB, and the extent! of SNAKE cfcav- 
^ ^„ „ u in Fig. 2. 




€3 That BoNT/A 
Protease Has a Long Lifetime in Central Neurons: SNAP-26 A Is 
Turned Over as Rapidly as the Intact Polypeptide— Failure to 
recover exocytosis from BoNT/A-intoxicated neurone and per- 
sistence of SNAP-25 A suggested that the prolonged inhibition 
arose from an extended lifetime of SNAP-25 A (known to block 
exocytosis) (22, 23) and/or the continued activity of the toxin. 
To address the former possibility, the l u of SNAP-25 A in BoNT/ 
* — etreated neurons was assessed relative to the intact pro- 
(FSg. 5). The cells were treated for 24 h with BoNT/A and 
" to a 4-h pulse labeling before being harvested (i.e. 0 h 
chase) or chased for the specified times in label-fa 
(Fig. 5X After immunoprecipitation of SNAP-2S, flv . 

in P'SlMet-SNAP^ and 
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BoNT/A, SNAP-25 in the co-treated neurons existed predomi- 
nantly in the A-truncated form (Fig. 68); additionally, sequen- 
tial application of BoNT/E up to 1 month after BoNT/A failed to 
alleviate blockade of exocytosis by the latter (data not shown). 

Pulse-chase studies were performed to compare the turnover 
rate of intact and BoNT/E- or BoNT/Cl-proteolyzed SNAP-25 

SNARE contents (Fig. 1C and data not shown), compared with 
immature neurons (Fig. 5). Fluorograms demonstrated that a 
' im BoNT/E or 10 pu BoNT/Cl 
B6 or -50% proteolyses of SNAP-25 (Fig. 7A; because 
ol the neurotoxicity of BoNT/Cl only submaximal cleavage was 
possible); immunoblots confirmed that equivalent amounts of 
SNAP-26 were present in each. — 
-90% of the newly-synthesized 
lyzed by BoNT/E during the 4-h pulse (Fig. 7A; 
Conversely, a 1-day chase was necessary for the low dose of 
BoNT/Cl to cleave the de novo synthesized SNAP-25. When the 
radioactive SNAP-25 remaining after the chase periods were 
expressed relative to 0 day chases for intact SNAP-25, SNAP- 
25s of SNAP-26 C1 , all exhibited similar decay rates ttn of -2 
days) that were notably longer than that of SNAP-25 in 
younger neurons (Fig. 5). 

The Rates of Replacement of Truncated Sbr2 and STxl in 
Cerebellar Neurons Are Not Primarily Responsible for the In- 
termediate or Long Inhibition Exhibited by BoNTIB or BoNTI 

mbyBoNT/B 

nt of cleaved S6r2 or STxl, 



1 STxl, using fluorography (Fig. 7, B and O and 
ranting (Fig. ID). A < tt of 4-5 days was recorded 
for S6r2; because the longest chaBes employed (S days) foiled to 
yield a 50% reduction of radiolabeled STxl, the f„ can only he 
estimated as -6 days. 

27k N-terminal Products from BoNTI B and BoNTI F Cleav- 
age ofSbr2 Are Short-lived: the Stability of BoNTIB Protease 
Underlies lis Intermediate Duration Blockade of Transmitter 
Release— Residues 1-76 and 1-58 from Sbr, produced by cleav- 
age with BoNT/B or BoNT/F, can bind tightly to STxUSNAP-25 
heterodimers in vitro (12, 13). It is therefore possible that they 
could prevent binding of intact S6r2, result in competitive 
inhibition of ternary SNARE complex, and thus block trans- 
mitter release. For that reason, it was relevant to examine 
whether these products ct 



Western blotting (Fig. BA). As expected, BoMVB produced two 
fragments (Fig. 8A). Signals were obtained for intact and 
!Wu» (Fig. SA) using a polyclonal anti-Sbr antibody most 
reactive toward residues 33-45 (40). S6r2„_ 116 was not re- 
i (Fig. 8A) and therefore could not be 




of BoNTffi, the longevity of 
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d 22>, 2 



> squat at the pt 



plates with BoNT/A and BoNT/E causes a rapid recovery, 
equivalent to that of BoNT/E alone (16). 2 The latter would seem 
to exclude an adequate level of toxin protease persisting — but 
another study did not detect auch a rescue although different 
conditions (e.g. higher toxin dose) were used (41)— though 
perturbation of the otherwise persistant BoNT/A protease ac- 
tivity or localization following treatment with BoNT/E cannot 
be precluded. Notably, BoNT/A protease persisted unabated for 
thereby precluding 

BoNT/E-mediated rescue of exocytosis or depletion of SNAP- 
the apparent lack of replacement of th 



Similarly, a study performed on cultu 
observed negligible recovery of ct 
ofSNAP-25 A over2mi 




:asinFi».7).: 

radiolabeled component was analyzed by fhiorography (F) and Western 
blotting m. The bracketed values indicate the amounts of the intact 
Sbr-2 immunoreactmty or radioactivity remaining in BoNT/B-traated 



its protease was directly examined using pub 
immunoprecipitation. Neurons exposed for 24 1 
or presence of 100 pM BoNT/B were pulse label 
(0 days) or cultured for 18 days prior to pulse labeling and SbrZ 
isolation. This treatment caused 76.2 ± f " 
4) and 76.2 ± 5.0% (mean ± S.D.; n - 

18 days! the amount 
for BoNTYB-treated 
cleavage (mean ± S.D.; n = 9), 

persistence noted earlier. Importantly, 

["S]Met^S6r2 was still being proteolyzed in a time-dependent 
manner (Fig. SB); minimal cleavage of P'SJMet-Sort occurred 
following 0- or S-h chases (11.6 ± 3.8* and 14.1 ± 8.7*, 
respectively), but after a 16-h chase, significant (53.8 ± 11.5*) 
cleavage of S6r2 was evident (Fig. 8B; values are the means £ 



in Fig. 
Western blots noted 
43.9 ± 5.4* 



neurons is largely prevented by anatomical barriers <t.g. 
ood brain barrier). Moreover, BoNTs do not exhibit de- 
le levels of retrograde transport, characteristic of TeTx. 



BoNTs poison cholinergic nerves n 

performed overnight U.e. when the rate of 

both cell types. Most'importantly, 
however, for the purpose of this study concerned with the bases 
longevities of BoNT serotypes, their relative 



rodents (see the Introduction). 

Generation of an avid antibody specific for the LC pr 
BoNT/E has allowed tracking of the i ' 




se study of native and BoNT-cleaved 
in provides the first unambiguous and 
f a persistence of BoNT/A protease in 
central neurons, together with convincing 
the major factor responsible for prolonged i 
■ s. Unexpectedly, SNAP-25 A 



blotting of cell extracts, after a 2-h treatment with BoNT/E, for 
several chase periods up to 3 days later revealed that the 
majority of BoNT/E LC remained as a covalently linked di- 
chain, inconsistent with its delivery to the cytosol (where it 
would have been reduced). Therefore, there are at least two 
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reduced rates of degradation, processes that stabilize by 14 cause cell death, an effect not ascribable to contamination (Ref. 

DIV. The tvt values of Sbr2 and STxl in mature neurons (~4.5 20 and this work). From the present investigation, it seems 

and ~6 days) are reported for the first time. These collective that such BoNT/Cl toxicity may result from its proteolysis of 

findings allowed consideration of the contribution that tain- STxl because the dose dependence study revealed that only 

truncated SNAKE replacement makes to the different dura- minimal cleavage of STxl coincides with the lethal effect 

tions of transmitter release inhibition by BoNT serotypes. In- whereas extensive SNAP-25 cleavage was not lethal; also, U 

deed, the results suggest that the rate of SNAP-25 synthesis SNAP-zS^,, fragment is known to be nonlethal (2 

governs the length of BoNT/E-induced inhibition. Interest- tioual proteolysis of one or more of the other five syntaxin 




_ to 26 ^terminal residues from SNAP-25 isoforms reported (9) has not been excluded; only STx4 ar 

does not alter its degradation rate, implicating other signals for STx5 ar " " 

regulation of its turnover. The rates of syi " 
tion of S6r2 must be more rapid in developing ne 
to the much longer r M of 4-5 days observed for the fully mi 
protein (i.e. analogous to SNAP-25), because ar UnnI of~2 of the other SNAREs and lack the functional Ca 2+ -dependent 
days was found for BoNT/F in developing neurons. Because exocytotic machinery (Fig. 1C). In conclusion, this first detailed 
another Sbr-deaving toxin, BoNT/B, persists for much longer examination of the molecular basis for the extended at 
('Hiiro ~ ~ 10 ^ays) than the periods required for SNARE BoNT/A relative to shorter acting 
synthesis or degradation of the truncated N -terminal fragment, provided novel information that sr. 
persistence of its protease must accoui " 
hibition of exocytosis. 

Recent work (43) highlighted the po 
with the clinical use of large quantities of BoNT/B for achieving 




efficacy of treatment (reviewed in Ref. 14). Therefore, an alter- 
native serotype with the potency and duration of type A is 
required. In this context, these studies have demonstrated that 
BoNT/Cl may possess such therapeutic potential (17), except 31 B ^ w " 



H 
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Properties of BotuHnom Tom Type A Relevant to Its Use In Mi 



i| to the use of the tn 



n of Serotypes of Botulinum Twd n Other than Type A. 



Toilo production by the various serotypes ofC. bo 



Ptumnrotogicil and medical appUcauoM of tetsnns lojdn 

MICROBIAL NEUROTOXINS THAT ALTER VOLTAGE-GATED SODIUM CHANNEL! 




practice during his time, in recent years stand the physiology of thi 

potential value in the treatment of certain types of mi 
disorders through modification of nervous stimulat 
muscle activity. Well-characterized microbial m 

In December 1989 the U.S. Food and Di 
licensed botulinum toxin type A as an or 

, rs of age These toxins affect mi 
ier, by direct injection of the loxin into the hyperac- 




PWTKTC0BYC0PYH1SHT 
UNP7USQ 



NEUROTOXINS IN M 



le toxin of choice for human treatment on the basis of 



in which the paralytic action on survivors lasted for m , 
weeks whereas recovery from saxitoxin poisoning took only 
a few days for survivors. We therefore began ou 



mined dose of Botulinum toxin injected into the more active 
muscle, proper alignment of the eyes was achieved. 

After 10 or more years of 

monkeys, the FDA granted D 





Kettlewell Eye Research Institute in San Francisco. He toxin from milligram quantities to a solution containing 

contacted one of us (E.J.S.) regarding the availability of a nanograms per milliliter presented a problem because of the 

toxic substance that might be injected into a hyperactive rapid loss of specific toxicity on such great dilution. Toxin 

muscle and thus serve as an alternative to surgery for the can be diluted in pyrogen-frce water or saline if used 

treatment of strabismus, a condition in which the eyes are immediately for treatment, but stabilization of the toxin for 

out of alignment. In my research on microbial toxins I had on longer periods requires the presence of another protein such 

hand highly purified crystalline type A botulinum toxin, as gelatin or albumin (173, 177). Although the commercial 

produced by C. botulinum, and saxitoxin, the potent poison botulinum type A product is prepared in the presence of 



ig of skeletal muscle, and 
through paralysis of the muscles of i 
gen (226) considered that the toxin 



with^^A^ f ^!ii™toxin (29, , >) 





mplified procedure yields, for example, 60 to 
70 mg of small, white, needle-shaped crystals (0.1 to 0.2 mm 
in length) from a 12-liter culture (15 to 17% recovery) 
Recrystallization under the same conditions yields 20 to 25 
mg of crystalline toxin. 

The crystalline type A toxin contains 16.2% nitrogen and, 
as far as is known, is composed only of biologically active 
amino acids (32, 207) for both the neurotoxin and the 
nontoxic proteins. The isoelectric point of the crystalline 
type A toxin is pH 5.6. Under slightly acidic conditions, pH 
3.5 to 6.8, the neurotoxic component of 150,000 M r is bound 



spinal f 
tions hi 



:ll cultures, and Torpedo and Aplysia prepara- 
:en reviewed within the last 10 years (45, 81, 
137, 158,168,200). 

Preparation and properties of botuUmun toxin type A for 
clinical use. The Food Research Institute, University of 
Wisconsin, has been involved in the production of crystal- 
line toxin pertaining to food safety for many years, and small 
amounts of this toxin were used for the work on monkeys. 
However, the toxin that was to be used for human treatment 
by injection required special considerations, and preparation 
and purity of the toxin became essential (180). The type A 
toxin Hall strain was chosen for production of toxfn because 
it consistently produced high levels of toxin (1 to 4 million 
50% lethal doses (MLD^) per ml of ' 



tures upon which toxicity is dependent. Under slightly 
alkaline conditions (>pH 7.1) and in the blood and tissues of 

toxin complex. RNA is* ako associated wk^the^oxhi 
complex but has no known role in 




undergo lysis. Complete lysis and clearing of the culture take 
2 to 3 days. The toxin is liberated during lysis and is 
activated by proteases present in the culture broth that 
convert a poorly active pn 



10 'cur's 1 (161, 178). However, at pH 7.3, near to the pH 
at which the neurotoxin and nontoxic components dissoci- 
ate the diffusion rate of the neurotoxin increased to ca. 8 x 
10-' cm 2 s-\ much higher than the rate expected for a 
" ule of 150,000 M, 078). Diffusion 
it on the shape of the molecule, and 



from culture broths was accomplished by Snipe and Sommer 
(203) at the Hooper Foundation at the University of Califor- 
nia in 1928, when they showed that 90% of the crude toxin 
could be precipitated from the spent culture fluid by the 
addition of acid to pH 3.5. About 20 years later, Lamanna et 
al. (113), starting with the precipitate, obtained the toxin in 
crystalline form, and then Duff et al. (59) improved the 
method; the improved method is the basis for the present 
procedure for purification. The purification of botulinum 
toxin type A in our laboratory for human use was designed to 
be carried out by the simplest procedures and avoided 
exposure to substances such as added enzymes or columns 
of synthetic resins, used in some methods, that could con- 
taminate the preparation and be carried into the final injected 
preparations. It is briefly described as follows. The type A 
toxin in the spent broth was first precipitated by adjustment 
to pH 3.5 with acid; 90% of the toxin was recovered in the 
precipitate. The precipitate was washed with y«t« 

toxin was extracted with 1 M K . 

reprecipitated with acid at pH 3.7. The toxin was 
from this precipitate with 0.05 M sodium phosphate 
pH 6.8, precipitated in 15% ethanol at -5«C, redissolved : 




182). The nontoxic pr 

entry play an important role in „ . .. . .. .„„, 

— ' - Careful handling of purified toxin is there- 
for maintenance of stability. Botulinum toxin 
type A is readily denatured by heat at temperatures above 
40°C, particularly at alkaline pH. Solutions of the toxin lose 
toxicity when bubbles form at die air/liquid interface causing 
stretching and pulling of the neurotoxin out of its toxic shape 
(173). This denaturation also takes place in an atmosphere of 
nitrogen or carbon dioxide. Dilution to extremely low con- 
centrations (nanograms per milliliter) also tends to decrease 
the stability of the neurotoxin, but this can be prevented by 
' buffered solution (at pH 6.8 o ' ■ 
L -r protein such as gelatin and cerl 

i. When the pH 
n is not practical 
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Crystalline botulinum toxin type A was the first microbial dissolved and stored in 0.05 M sod 
protein of this complexity to be considered an injectable 4 7) at 4°C (177), in which it retained 
substance by the FDA, and it was necessary to set down before a significant loss (20%) coulc 
specifications for toxin quality. The following properties of assay. The difficulty with storing the 
the crystalline toxin obtained from many batches were found ' " '— J 

to be of the highest-quality toxin and were used for evalua- 
tion of batch 79-11, which was used in initial studies in 
humans and later licensed by the FDA: (i) a maximum 
absorbance at 278 nm when dissolved in 0.03 M sodium 
phosphate buffer at pH 6.8, (ii) an /1WA™ ratio of 0.6 or 
less,P)aspecifictoxicityformiceof3 x 10* i 20% MLD X years, 
per mg, and (iv) an extinction coefficient (absorbancy) of 
^65 for 1 mg of toxin per ml in a 1-cm light path. 

The purity of the crystalline toxm cannot be defined 
strictly in terms of percent purity because of small amounts was prepared m November 197 
of undefined material absorbing at 260 nm, most probably pressly for the human trials; 100 




retained in storage at the Food 
This batch has been the sole source of 
accepted by the FDA for hi 




does act appear to differ in potency or clinical efficacy fn 
type A toxin prepared in England by using anion- — *— 
chromatography and RNase treatment (133, 222). 1 
we do not recommend the use of methods of pi 



«e to 0.S (232). If it is involving enzymes, various exchangers, or synthetic sol- 
ed that the absorbing material at 260 nm is nucleic acid vents because of the chance of contamination. 
„.„ _n extinction of 20 per mg (12 times that of the toxin). Preparation of the toxin for dispensing as a druc and 
the proportion of nucleic acid in a preparation with a ratio of compatible for injection into muscle required (i) di 
0 6 would be less than 0.1%. suitable medium for stability of toxic (ii) filt 



Another test of purity ai 



n of 1 or 2 n 



je A toxin is the banding pattern on 
lis and gel electrophoresis with c 
Juced crystalline toxin. At or below t) 
i, the toxin moves as a single homog 
11,000 M,. Toxin reduced with sulfhj 
; distribution after electrophoresis of 
nts alongwith the neurotoxin subi 

ystalline toxin allowed that the toxin i 
„x each batch (101). 

The specific toxicity of a high-quality preparation of which would have many advantages in long-term stability, 

crystalline toxin should be 3 X 10' MLD W (±20%) per mg. under the conditions with human serum albumin at pH 7.3 

The number of milligrams for this determination is based on resulted in a substantial loss (30 to 90%) of toxicity. This loss 



or below the isoelectric point of other protein is added for protection. Gelatin at 2 to 3 mg/ml 



5 6 the toxin moves as a single homogeneous substance, of is generally used at pH 6.2 in the standard procedure for the 

900,000 M.. Toxin reduced with lulfhydryi reagents shows mouse assay for toxin in foods (177). Bovine serum albumin 

the distribution after electrophoresis of the nontoxic compo- has been used at 2 to 3 mg/ml in acetate buffer at pH 4.2 for 

nents along with the neurotoxin summits of 100,000 and good stability (177), and human serum albumin was adopted 

50,000 M r Electrophoresis carried out on several batches of for medical use. Filtration in the presence of additional 

crystalline toxin showed that the toxin is judged very similar protein can be carried out successfully to remove bacterial 

m (101). contamination without loss of toxicity. Y 



the-4,,., using the extinction of 1.63 to . . . . 

of toxin (A^fl.65 = milligrams of toxin [±3%]) (207). possibility that the inactivated toxin will form a toxoid and 

Hmiiiu the immunological orooerties of tvDc A toxin are immunize the patient against the toxin on continued use. 

... _ r — r — - / means of Various methods of drying, particularly. tyophilization, re- 

the potency or acerylcholine-blocking power of suited in such losses. Experience with the toxin has proved 

' nal assay (176). The mouse assay for that stability of toxicity is dependent on low pH (<7), but 

m may vary depending on the species of such low pHs are not compatible with f- ! -—' •* 

□, and the conditions under which the tissue. A significant problem is the dew 

assay is carried out. To minimize the variability, it is arid conditions to overcome the lo! 

recommended that the mouse assay be carried out on any research for this purpose is being carried out ii 

preparation used for human treatment with the use of a lory. 

--' '— J rd of type A toxin as described by Schantz Therapeutic applications of botulinum toxin. Clinical stud- 



and Kautter (177). There is no known chemical, physical, ies have indicated that toxin injections can provide profound 

biological, or immunological test available that can replace symptomatic relief for humans suffering from a wide variety 

the mouse test for toxicity evaluation. of disorders characterized by involuntary movements of 

An important factor in the medical use of botulinum toxin " "" w "" ■—<—>-■•<■ 

■ a method of storage for retention of toxicity. The crystal- 
'" ce in food assays was 
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, v >.w. „.„„™ ics (64, 127). Adult onset of erally lOto 20 U) has relieved nemi&cial spasm in more than 

segmental dystonias (which affect only one or a few 90% of Ihe patients treated. Most patients experience relief 
muscle groups) are more common than generalized dysto- for 3 to 4 months, after which repeated injections have 
nias (64. 127). A study in Minnesota estimated 
lence of various dystonias to be 391 per million 
(147). Focal dystonias may spread and lead to i 
dystonias, in which several muscle groups are involved. 

Focal dystonia!- " ' ' ' " ' " 

nearly 60* ofa 




nt of involuntary muscle conditions, and injection of 
toxin is now considered the most effective treatment for a 
variety of focal dystonias (25, 98. 191). On injection the toxin 
acts directly or indirectly to alleviate conditions that i 
from muscle hyperactivity. Direct paralysis of target mus- 
cles is desired for certain indications including blepharo- 
spasm, torticollis, and other focal dystonias. Depending — 
the syndrome, toxin injection generally relieves undesir__ 

muscle movement for a few months, after which the abnor- 25, 98, 191, and 218). These include writer's and sik», u , , 
mal movement returns and repeated injections are required. cramps, hand tremors, spasmodic dysphoria and other la- 
Paralysis of certain muscle groups can also lead to secondary ryngeal dystonias, neurogenic bladder as a result of spinal 
desired effects (191). For instance, paralysis of a hyperactive cord injury, spasms of the rectal sphincter (anismus), limb 
' a weaker muscle, as in muscle spasms following stroke, leg spasms from multiple 



toxin therapy was introduced as an alternative to surgery brought on by muscle spasms (25, 98, 99, 218). 
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Although botulinum toxin is currently used for treatment antibodies could also be useful to alleviate side effects of 

of regional muscle groups, limited success has also been botulinum toxin injections without leading to patient reac- 

achieved with patients who suffer from hyperactivity of Hon to the antiserum. 

several muscle groups. Botulinum toxin has found limited Changes in muscle tissue following Botulinum toxin type A 

use in tardive dyskinetic syndrome (221). a chorea marked injections. Changes in skeletal muscles after botulinum toxin 

by irregular dystonic movements and postures that can type A injection have been studied in animal models (53, 56, 

develop in mentally ill patients after treatment with neuro- 57, 155). Duchen (56, 57) found that muscle fibers became 

leptic medications. Some of these patients experience atrophied and sprouting of nerve fibers was induced after 

' ' ' * " ' J in into the leg.muscle of mice. Sprouting of 
as observed after 6 to 7 days ar J — 





l, e.g., ^20 U. Single-fiber 

lively large quantities of botulinum toxin (140 to 165 U) leads ' In an approach derived from that of Duchen (56. 57). 

to toxin spread, weakening of distant muscles, and unchar- Borodic et al. (23-26) have used the albino rabbit as 

acterizcd subclinical effects (116). animal model to quantitatively determine toxin spread fh 

The primary side effect associated with local injections of the site of botulinum toxin injection. Acetylcholines 

botulinum toxin is weakening and ptosis of nearby muscles. staining, muscle fiber size analysis, and ATPase si 
One of the most prevalent and disturbing side eT 




with relatively high doses (>150 U) . 

208). Dysphagia may be related to generalized ' 
inability to hold the head erect (75) or to ' 

muscles involved in swallowing. It may also be related to the Very similar results were found in a study with i 

dose and injection strategy used. To prevent dysphagia, toxin (26). The denervation indicated by histochemicai stain- 

Borodic et al. (23, 24) have recommended, on the basis of ing and fiber size analysis appeared transient and lasted for 

studies of toxin diffusion in tissues, the use of slOO U per about 3 months for both type A and B toxins. By using 

treatment injected into several sites. Further research is muscle biopsies, innervation sites were also determined with 

needed to identify the lowest dose of toxin and sites of humans (23-25). Borodic et al. (23) have also used electrical 

injections that will produce the desired control and prevent stimulation to determine motor points and optimal injection 

migration of toxin to neighboring muscle groups. Local side sites in botulinum toxin therapy. 

effects could be increased in patients who are being treated Immunity to botuUnum tooun. There is considerable con- 
drugs other than botulinum toxin that affect neuromus- cem about the possibility that patients will develop antibod- 




i a phase II clinical trial 
by the Orphan Drug Program of the FDA as a potential 
treatment for infant botulism (70). A similar pool of human 
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minimum dose of toxoid to elicit immun . 
greatly with the individual and the toxoid preparation (3, 80, 

197), but is probably similar to the immunological response Botulinum toxin most often initially affects eye mi — 

to tetanus toxoid (73). Repeated injections of botulinum supplied by susceptible cranial nerves, and the first signs of 

pentavalent toxoid after 0, 2, and 12 weeks and yearly botulism ate often blurred and double vision (215). As the 

boosters gave final titers of 3.2 IU of anti-A antibodies, 0.4 paralysis progresses and peripheral nerves are affected, 

IU of anti-B antibodies, and 2.5 IU of anti-E antibodies per signs such as dry mouth, difficulty in swallowing, weakness 

ml in a man (80). Antibodies were slow to develop, and a in head and neck movements, and difficulty in breathing 

steep rise in the level of anti-A antibodies occurred in the •■ * • - * — « w -« 



■ of 77 

patients subjected to the current U.S. schedule of toxoid 
injection at 0, 2, and 12 weeks, Siegel (197) reported that 
neutralizing antibodies to type A and B toxins were low or 
absent after the 12-week shot and significant titers were mis, «uuuu, »l 
present only after yearly boosters. After the first booster. 74 (31, 95, 215). 
(96*) had an anti-A antibody titer of 0.25 IU/ml or more, and muscles of the 
only 44 (57*) of the subjects had an anti-B antibody titer of 
0.25 IU/ml or more. (1 IU is defined as the amount of 
antibody neutralizing 10.000 MLD„s.) 

Antibody formation has been observed in a small number 
of patients injected with botulinum toxin (98, 191). To date, 
about 12 of more than 7,000 patients treated have developed 
antibodies to type A botulinum toxin. Six patients injected 
with 300 to 400 ng and one injected with repeated 100-ng of decrei 
doses within 30 days developed antibodies within 30 days ened mu 
(191). Antibodies have been demonstrated to reduce the axons is 



lature control manifests as ptosis and drooping of e; 
muscles, hypoactive gag reflex, and weakness in upper ai 




m or stool or in suspect food by 
mse assay and neutralization with type-specific antitoxin 
). Botulinum toxin has been found more often in the 
patients with type E or B botulism than with type 
Jy because of the greater affinity of type A toxin for 
tissue acceptors. 

Seven known serotypes of botulinum toxin (A through G) The actual dose of botulinum toxin to cause food-borne 
have been isolated and ch '"' '"' "- -=-"■-■-—-' 



that types other than type A will be used clinically, parti 
larry in patients who develop immunity to type A Furtr 
more, evidence is accumulating to show that different ty 



Ml, the source and type of to 



ram as little as 0.1 to 1 ug (100 to 1,000 ng or 
that they could therefore com- 3,uou to 3U.UUU MLDrf) (134, 140, 183), but results were 
applications. In the following quite variable, probably because of individual variation in 
t basic science aspects of the the amount absorbed and the stability of the toxin in the gut. 
f as they pertain to potential More data on toxicity is available for tower animals and 
monkeys. The lethal dose of crystalline toxin type A in mice 
u When botulinum toxin enters the was 1.2 to 2JS ng (0.03 to 0.07 U)/kg (76, 80) and was 0.5 to 
ninated food or infection, it can cause 0.6 ng/kg for guinea pigs and rabbits (76). Scott and Suzuki 



x paralytic disease. Types A, B, a 

, ^ ,. «* 8> 213, 215), 



id severity of lethal dose 



(193) determined that the intramuscular LD M for jtn 
monkeys (Macaco fascicular) was ca. 39 U/kg (ca. 
ng/kg) of body weight. Herrero et al. (91) reported r - 
seof40U/lqT ' 



toxin ingested, suggesting possible differences in the mech- 
anisms of intoxication (215). Clinical observations have 
indicated that type A food-borne botulism is often more 
uvare and associated with higher mortality than botulism 

Benign forms of botulism in wtiicn the course of the illness is 
milder snd longer lasting have also been reported, particu- 
larly for type B (43, 100, 109, 209). 

Botulism in humans generally manifests as a rapidly 
progressive symmetrical neuromuscular paralysis. Patients 



I by intravenous injection in Macaca 
of lethal amounts of bacterial toxins, 



0 JS to 0.7 ng/kg of body weight for monkeys an 

* " "- *~ " (76). Larger "* : ~ 

d to caused* 
1 (76). No da 



„ . U)/kg for humans (76). Larger quantities of types C„ D, and 

types (37, 52, 95). A rapid onset of neurologic E may be required to cau" J " ' ' 



probably as sensitive as guinea pigs and would be expected 
to be about as sensitive as monkeys. 

Toxin production by the various serotypes of C. Botulinum. 
Use of the various types of botulinum toxin in medicine will 

of the toxins. The production of 

■ * - i by the Hall strain, 
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to mice when administered orally (169, 170, 210). Peroral 
toxicity increased with incremental association of the neu- 
rotoxins with the protective proteins (150, 168-170, 210). 
The larger (19S and 16S) complexes of botulinum toxin types 
A and B were more toxic by the oral route and more resistant 
i were the smaller complexes. The 

,e toxigenicil ....... „„_..,. 

also probably depend on differences in the structures of thi 
consistently produce high levels of toxin. However, the complexes. Ohishi (150) found that the oral toxicities dif- 
bacterium has a frustrating tendency under laboratory con- fered considerably for the toxins of certain type A and B 
ditions to gradually lose its ability to produce high levels of strains of C. bolulinum. Of five B strains, Okra B produced 
toxin. Lewis and Hill (118) reported that the Hall strain made the most potent toxin by oral cbaUenge in mice. The 16S 
decreasing quantities of toxin on successive subcultures. complex of the toxin was 700 times more potent than the 16S 



S) also reported that strains of type A and B molecule from strain NH-2. A hybrid composed of the 
neurotoxin from NH-2 and the nontoxic components from 
Okra increased the oral toxicity close to that of the native 
Okra toxin, probably by protection of the neurotoxin in the 



for the development of other types. 

The highest levels of toxin in group I C 
(proteolytic strains of types A, B, and F) a 
produced in cell] ' ' 



high botuUnogenic properties (134, 212). Sugii and Sakaguchi 
(212) showed that type A and B C. botulinum produced the 
stable 19S and 16S high-molecular-weight complexes in 
vegetables, whereas they produced the less stable 12S com- 
plex in tuna and pork. Nonconjugated neurotoxin was not 
found in any of the food substrates. They found that addition 
of iron or manganese to the growth medium resulted in a 
higher concentration of small toxin complexes (12S and 16S) 
in type A C. botulinum, suggesting an influence of metals on 
the size and stability of the complexes. 

Biochemical and genetic properties of the neurotoxin com- 
ponent. The biochemistry pf purified botulinum neurotoxins. 
Ml by nutrition in group I and II particularly type A toxin, has been studied in considerable 
C. botulinum (119, 152). Arginine delayed autolysis, affected detail, and authoritative reviews are available (45, 81, 213). 
sporulation, and repressed toxin fonnation in group I C. " ' " »-■■■■■ 

botulinum (28. 154). Toxin fonnation was repressed about 
10,000-fold in group I. including the Hall A and Okra B 




ss of toxicity (126, 146).^th^g^ven type of 



(152), probably pwing to nitrogen repression of toxin gene 

group I C. bolulinum. In group II C. fcom/LIm (nonproteo- genitiry^vta^a'mo^^ 

lytic strains of serotypes B, E, and F), tryptophan availabit- have high specific toxicities, from 10 T to 10" MLD io s/mg of 

ity repressed toxin fonnation, probably also in response to protein (213). 
nitrogen sufficiency (119). These results radical " " 



, — protein molecules of about 150,000 M, with low toxicity. The 

for improved toxin production. protoxins are released from th "-— 

Significance of complexes on toxin quality. The strain and (48). Those of proteolytic (groin 
culturing conditions also affect the quality of toxin that is 

oroduced. Schantz and Spero (181) found that botulinum „ .. _ „., . „,.,.„ „_ 

"Of the different serotypes occur in spentcultures as a L (light) subunit of about 50,000 M T (45, 47, 48, 171, 196). 

or protoxin activation. The'S 

- re covalently linked by at least one disulfide 

in (211) showed that high-motecular-weight toxin and noncovalent bonds (45) and possibly a metal component 
complexes occur naturally in foods. It is now known that (10. 11). The H and L chains of the neurotoxins can be 
each of the types of botulinum toxin produced in food or in separated by chromatography after treatment with dithio- 
culture are conjugated proteins ranging in molecular weight threitol and urea (171). The isolated chains are not toxic by 
from 300,000 to 900,000, comprising a molecule made up of themselves but can be recombined under carefully con- 
one or two neurotoxic units of about 150,000 M r nonco- trolled conditions to obtain active toxin (110, 123, 214, 230). 
valently conjugated to nontoxic proteins (168, 181, 213). Recently a chimeric toxin which retained considerable ac- 
The formation of toxin complexes is very important for tivity was prepared between the L chain of tetanus toxin and 
use of the toxins in medicine because the nontoxic proteins the H chain of botulinum toxin type A (230). Chimeric toxins 
nlav an imDortant role in maintaining the stability of the composed of defined fragments, e.g., the H chain from 
sd neurotoxic units were poorly toxic botulinum toxin and the L chain from ricin, could be 
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;h work needs to be done 




bonds in a short region are cleaved 
maturation of type A toxin and that 10 amino acids 
excised (4S, 47). The control of proteolysis to ' 
- - ^inthe 



ta(10, 11) reported that 
ctivated purified type A 
■ toxin. Analysis of purified 

:d that one atom of iron was present for each 
' :. It was suggested that metals may be is- 
ige of the H and L chains of botulinum and 
Dions (10, 11). Kinder and Mager (107) found 
that metal availability in the culture medium affected the 
formation of toxin. Culturing C. botulinum in a medium 




. . n that it is 

not a secreted protein. Cys residues are conserved at posi- 
tions 1060 and 1280 of botulinum (and tetanus) toxins, and 
Cys-454 occurs at the same position in C. botulinum type A, 
B, and E toxins and in tetanus toxin (61). Cys-454 is the sole 
" e in the N-terminal region of the H chain and is 




could be involved in the bio- 
of the toxin, possibly penetration through the 
ane. The deduced amino acid sequences of 
botulinum toxins had about 33% homology to te 




The genes coding for I 
~ ib present in one copy on the 
ns (14, 219). Genomic li 

al DNA (strain 62A or NCTC 2916) 



_ • polypeptide of 1,296 ai 

1, 149,425 M, (14) or 149.502 M, (219). were identi- 
fied. The nucleotide sequences were in agreement with the 
partial nucleotide sequence reported by Betley et al. (9). The 
promoter of the BoNT/A gene was not transcribed in£. colt; 
this may have been c ■ • • - 



sujiilar t^that^p^io^ly^aM^for^the tetanuMoxingene 

in A or U. An exception to the codon bias occurred for Lys 
codons, in which the frequency of AAA and AAG was 
nearly the same (24 AAA and 20 AAG) (219) compared with 



Pruptrtlcof n. 
complex. Relatively little is known co 
istry and genetics of the nc 

in toxin complexes, the type A 

proteins, one of which hi 
(115). St • * ' ' 




heat-stable, dialyzable 
1(211). 

emagglutinins of type A 
and B toxins were constructed through aggregation of two 
its of about 15,000 and 20,000 M,. Recently, Somen 
andJJasGupta (204) studied nontoxic proteins from type A, 
proteins isolated from 



y, and strong bias was found Ha*, and tj 



for Arg and Ser codons. Binz et al. (14) found that the A+T 
content in the 5'-noncoding region of the type A and type E 
toxin genes was 80.4 and 80.3%, respectively, higher than in 
the coding regions, where 73.6 and 72.1% A+T were found. 
Examination of the upstream region indicated that transcrip- 
tion started 118 to 127 nucleotides upstream from the trans- 
te (14). Regions of dyad symmetry were 
*« 3' noncoding region that may be in- 
" - ' * . et al. (14) con- 



subunits of 217,000 M, by sodium dodecyl sulfate-polyacryl- 
amide gel electrophoresis (SDS-PAGE). The type E Hn" of 
116,000 M r did not aggregate. The sequences of the 10 to 33 
amino-terminal regions of the 17,000, 21,500, 35,000. and 
57,000 M, subunits of type A Hn + and type B Hn + were 
determined. Each of the subunits I * 
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sequence identity; i.e. , the 21,500 M r submits were identical substrate of botulinum toxin remains an elusive grail that is 

and the 57,000 Af T subunits had 80% identity. being pursued by several laboratories. 

An understanding of the genetics of the hemagglutinin An objective in treatment of hyperactive muscles is to 

component of the toxin complexes is also developing. prevent possible systemic reactions which could result from 

spread oftoxin through the blood. Antibodies could be used 

" to the injection site to help 




Tsuzuki et al. (224) .cloned the gene encoding the main would be to confine the paralyzing action within the presyn- 
component of hemagglutinin produced by C. botulinum type aptic nerve. An interesting recent development is the finding 
C. The complete nucleotide sequence of the gene indicated that stabilized m&NA (3' polyadenylated and 5' capped) 
that it encoded a protein of 33,000 M,. At 62 bp downstream corresponding to the nucleotide sequence of tetanus toxin 
■ — — gene (L chain) injected into Aptysia califomica cholinergic 

Iter release in less 
fbrmRNAofthe 

acid sequence of this L ch»in of botulinum A toxin, but only when the H chain was 

had 73 to 84% sequence identity with the also added to the bath. The L chains of tetanus and botuli- 
of type A Hn* and type B Hn* and num neurotoxins were demonstrated to be sy 
if type E Hn" 




in (184) ah. _ , 

tion of the H chain followed by high-affinity attachment. In Sellin et al. (195) reported that injection of 1 to 20 U of 
addition to binding to different acceptor regions on the nerve crystalline type A botulinum toxin into the lower bindlimb of 
•"*"• ' the rat produced a paralysis that lasted for several days. In 

contrast, injection of more than 1,200 U of type B neurotoxin 
was required to produce paralysis. The duration of paralysis 
was compared after injection of 20 U of type A or 5,000 U of 
udcs not (137). Furthermore, an increase in the intracellular type B toxin. Type A toxin caused paralysis for up to 7 days 
Ca* concentration by ionophore treatment reverses inhibi- after injection, whereas type B toxin caused paralysis for 
tion by type A but not type B in synaptosome preparations only 3 days and twitching became evident at 5 to 7 days. It 
(5), and aminopyridine more readily reverses type A than was also reported (104, 194) that pure type A neurotoxin was 
type B inhibition at the myoneural junction (74). much more effective than type E or F neurotoxin in eliciting 

Both the H and L chains of the neurotoxin may be lasting paralysis in the lower hindlimb of rats, 
required for poisoning in invertebrate systems (123, 158). In 
mammalian peripheral motor nerve terminals, the L chain 
alone is active after it is internalized (15, 49). The 
■ ■ iebytheL - 




enter into the central m 

» (17, 81, 132). It 
y muscles by block- 
ing the release of inhibitory transmitters including 7-ami- 
se (5, 120). Because of the extraordinary nobutyric acid and glycine (132). Tetanus toxin also has 
toxicity of botulinum toxin, it is likely that it has enzymatic significant activity in decreasing acetylcholine release in 
activity and acts catalytically or triggers a cascade of events cholinergic peripheral nerves when injected locally (54) and 
"""* J ' " " could possibly be used as an adjunct to Dr independently 
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from botulinum toxin for control of hyperactive muscles if 




strongly increased titers (144). Since 
is required for growth of C. tetani, it was necessary 

it without stopping 

providing histidine- 
laining peptides (e.g., glycyl-histidine) or 
_., acetyl-mstidine) stimulated toxin prod 
etal. (117) de ' 

also isolated a i 




ig (81, 129). Mild trypsin 
f intracellular single-chain toxin yields two 
chains of about 95,000 and 50,000 M r The modified tetanus 
' is strongly held together by noncovalent bonds, 



The H chain of tetanus toxin possess! 
susceptible region that can be cleaved with i 
trypsin or papain, yielding two fragments (B and C) (2, 
The isolated H and L chains and * 
poorly toxic 
HilgeretaU 



(85, 145). Highly tox- 
igenic cultures autolyzed thoroughly and did not form en- 
cospores during culture. During culture, tetanus toxin was 
present within the cell and was not released until cultures 
lysed (141, 162). As with C. botulinum, it appears that toxin 
formation is associated with autolyu'c growth and inversely 
associated with sporulation (145, 153). It would be of interest 
to determine whether specific transcription factors, e.g., 
Sigma factors, regulate transcription of the toxin gene and 
r these are preferentially expressed or activated in 
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Halpern et al. (83) clonec 

expressed in E. 
■binding activity, 
purified in one step by affinity 




id m 21 strains of dr 

- -» *"• isolated, and each strain lost its „, , crai n nuscu i , , ,.».,,, 

plasnud. Two naturally occurring nontoxigenic strains were flaccid paralysis (82 130> Tetanus t«hr«U!kb. ^„u 

examined, and one was free of plasmids while the other num neSm in iti V^SSZ^S^tSSX 

5 plasmid (112). The strains derived Botulinum and tetanus neurotoxins have significant ™omcrf- 

all contain a plasnud of 49 kb, which ogy at the amino-terminal regions of the LandH chafes 

of. "r^'^f P»«<=™ (112). suggesting that at least. portions of the respective geTs* 

of a pool of nucleotide probes correspond- evolved from a common ancestral gene. 



*ting that toxin botulinum toxin serotypes and also reacted with tetanus 
lot expressed to toxin (149, 225). Tsuzuki et al. (225) found that a monoclonal 
antibody raised against botulinum toxin type E cross-reacted 
with botulinum toxin types B, C„ and D and with tetanus 



.era) made up of all possible DMA sequences for N-ter- .oxtoriiaTrimeTar (MTd^e.or^a^bo^Ta^';! 

,<r?i« n^L^i^Z^!^ y ^"l "? 4 b ° w J ,n ™ n wxim - Synthetic peptides that 



screened plasmid preparations 
genie variants of the Harvard st 



strain. Overlapping sequences corresponded tc 



clones. The DNA fn. . r „_„_ 

an open reading frame of 1,315 amino acids of 150.700 M,. 
The open reading frame begins with an initiation cc 



"^^"dfontarossermeatthcN with botulinum toxin types B, C„ and E but did 
a (61). The molecular weights of the H recognize type A. This antibody was made " 
'I?*™,. a "i^\° ac,d s «l uen « corresponding to the amino-terminal end of 



for ™nSde SZLZ^'Pi ^rlS* 0 *' ™P°«ed chain, suggesting that this regionTunp 
Z^i Sr Ule J L , CfUUn , 166 > are ""'y P"^ ">d Hat its structure is conserved in 

SLZ?, h^i^H. °^ sequencing. antigenic region may be shielded in 




corresponding to the ammo-terminal end of the tetanus L 

" * *"~ ! wrtartm intoxication 

the two toxins. The 



olytic exposed on denaturation. Halpern et al. (84) also tested 
auto- human tetanus immune globulin and mouse anti-tetanus 
serum for cross-reactivity with botulinum toxin, but none 
was detected. These results suggested that native forms of 

i£ZZ£Sttm&£EiE5Z attSI *• othcr bDtu,in " m toxin ^ " 

immunological similarities probed with monoclonal antibod- Tetanus toxin has the unique ability to enter into the 
"The availability of cloned tetanus gene fragment, has motTe^^.,^ ° f 

tn«,^.™»^r?n V ,Z??£ aJ £L " p " ssed tetanus Wnt to transport substances to the central nervous system 

codma ^Lnut^^etSELH^ * 5 Bod ' fled deriVed ManUS ,0xin " nnec,ed <"&EEE»> 
coding sequence was combined with unproved promoter age. The L. fragment was specifically carried to the central 
strength, fragment C was expressed as 11 to 14% of the ceil r^vou, ,%^Biz2^lT^^™^ 
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- „ ng at the receptor of the sodium channel i 

Is and affected the rate of spread of the presence of a hydrated ketone group in 

_ and expression of high levels of frag- position in the molecule. Reduction of this „ ,„ „,„ 

nt C should lead to further studies of targeted delivery to alcohol results in the loss of over 99% of the binding and 

— ._i is system and possibly to control of virus 




Tetrodotoxin was originally found in the roe, ovaries, and 
liver of the puffer or globe fish (Telfaodontidar) caught in the 
western Pacific ocean and was at first believed to be exclu- 
sively produced by this fish. More recently it has also been 
found in various other animals including the California newt, 
octopus, and frog (234) and in marine bacteria (51, 199. 220, 
235). Dinoflagellates have been proposed as the original 
source of the toxin in puffer fish, which acquire it through the 
food chain (234). 

c : The action of tetrodotoxin is like that of saxitoxin in 

from respiratory paralysis. After survival for 24 h blocking the sodium channel of excitable membranes of 

the prognosis is good, and no lasting effects of the toxin have nerve and muscle tissue. In fact, it has been shown that both 

been observed. The oral dose -»-- »■ « ! ■- — » ■ 

•»n of toxic:' 



j, with a molecular weight of 
««» •»"' usmr a,?). ia , Aitnougn tne two tox' 
. Bed and crystallized by Schantzet itmehins th.v m.v h. .mi 
al. (172, 179), and its structure was determined by X-ray 
crystallography by Jon Clardy 075). Purified saxitoxin is a 
very hygroscopic water-soluble toxin and is described chem- 
ically as a tetrahydropurine base with pK,s at 8.5 and 1X5. „ ..... „__„„„„ „„„ „„,, „„ 

It has a molecular weight of 299 as the free base. It has no of the molecule prevented the passage of the sodium ion 

UV absorption above 210 nm. As the dihydrochloride salt it Although this hypothesis mav be consistent with manv 

is a white solid that is stable in acidic solution but loses aspects If the ^TT^ l^J^T^ A^ 

activity above pH 7. The paralyzing action of saxitoxin or its chemical makeup of the molecule as well as the guanidine 
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group is involved. The reduction of the hydrated ketone 
group to an alcohol in the saxitoxin molecule coin ' 
destroys its effectiveness as a blocker of the sodium cl 




paralysis of the ex- 

alga (cyano- 

Jccur period- 

of the northern United States and certain 
provinces of Canada have caused poisoning of farm animals 
from drinking the water. This organism produces several 
toxins including saxitoxin and neosaxitoxin. Another species 
of this group, Anabena fias-aquae, produces a substance 




cell membranes (186). This toxin is a lipid-soluble polyether 
with a molecular weight of 1112 and is concentrated as it is 
passed up the food chain to large predatory reef fish con- 
~- J ~ ?. The disease in humans affects both 



s. Afflicted persons experience cir- 



toxicity. J. Physiol. (Paris)** 
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INTRODUCTION 

It was 1895. In the village of Ellezelles, Belgium, 34 members of jajnusic clufeJwd eaten 
some raw salted bam after performing at a funeral . Within the mat 20 to 36 hours most of 
the musicians developed a neuroparalytic syndrome — three died, and 10 others nearly 
died. Professor E. Van Ennengem isolated the culprit from the food and the victims of 
food poisoning and named it Bacillus botulinus; the anaerobic bacterium was later named 
Clostridium botulinum (1,2). The neurotoxic substance produced by the bacterium be- 
came known as botulinum toxin, a protein, and gained notoriety as the most poisonous 
poison (3). In the New World, 84 years after the discovery of the agent of deadly food 
poisoning, Dr. Allen B. Scott of San Francisco first reported how to use the most 
poisonous poison for therapeutic purposes in humans (4,5), Because of this pioneering 
breakthrough, lauded by Carl Lamanna (6) as "the most imaginative, technically brilliant, 
and courageous of such applied research," today more people in the United States are 
exposed to botulinum toxin through deliberate injection by clinicians (7) than by un- 
knowingly ingesting it as a food poison (8). 

The proverbial beating of swords into ploughshares was achieved with a body of 
knowledge mostly accumulated from the pharmacological studies of the toxin (primarily 
serotype A, see below), which in 1946 became available as a crystallizable preparation 
(9-11), and with sparse knowledge about the biochemistry of the neurotoxin (NT) (12) 
and its mechanism of action (13). Another remarkable aspect of this development is the 
low-grade purity of the NT preparation that was used in the early pharmacological studies 
(12-15), as well as in the pioneering therapeutic application, and is still being widely 

Now we know that four primary sequential events lead to the manifestation of the well- 
known neurotoxicity of botulinum NT: (1) the NT binds to the cholinergic membrane at 
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the neuromuscular junctions, (2) the bound protein reaches inside the nerve endings 
through the endocytotic/lysosomal vesicle pathway, (3) a segment of the NT penetrates 
through the endosomal membrane into the cytosot and then (4) this segment. *5tag ^ an 
enzyme d 1S rupts the neurotransmitter secretory machinery, resulting in blockage of 
acetylcholine release and consequent flaccid paralysis. The entire structure of the NT may 
be regarded ,n a simple model as a combination of three structural segments designated 
A- C J*. eachwith * functional role and joined linearly in that order. Segment B recognizes 
the NT-specific receptors and allows the NT to bind to the target cells. Segment C forms 



cenuiar injury. 

This chapter deals with two primary topics. First, the structural features of the NT and 
its three segments that now appear directly relevant to the NT's mechanism of action are 
discussed A comprehensive review in this area is not presented. The second topic is a 
critique of the crystalline toxin type A. which contains no more than 20% by weirirt of the 
neurotoxin protein, the other 80% of the material being nonneurotoxic macromolecules 
6. 7 that are ye. to be characterized; nevertheless, this is the preparation used clinical 



THE NEUROTOXIN 
Sources of the Neurotoxin 

The NT produced by the ubiquitous bacterium C. botuliimm is found as seven antigen- 
icaHy distinguishable serotypes A. B. C, D. E. F. and G. Certain strains of C. ftanmi and 
C ' butyncum have been identified within me past few years that produce NTs similar to 
classical Botulinum NT serotypes F and E, respectively (2,20.21). A minor antigenic 
relatedness between types E and F has been known (22); with the advent of monoclonal 
antibodies a common epitope has been detected among types B, C, D. and E (23). One 
strain of the bacterium produces one serotype, but there may be exceptions to this (20.22). 
Serotype C at one lime had two designations. CI and C2. The C2 toxin, which ADP- 
nbosylates nonmuscle actin, is not the NT (2). 

Structure of the Neurotoxin 

Primary (CovaleM) Structure 

The neurotoxic protein is synthesized as a single-chain protein (mol. wt. -150 000) 
Protease(s) endogenous to the bacterium cleave the single-chain protein within a narrow 
region inside a disulfide loop located about one-third of the way from the N-terminal to 
the C-terminal (Fig. la). This cleavage is called nicking. The proteolytically processed 
product— the dichain NT— now contains a light (L) chain (mol. wt. -50,000) and a 
heavy (H) chain (mol. wt. -100,000) that remain linked by an inter-chain disulfide or 
disulfides and noncovalent bonds. In the absence of the endogenous proteolytic enzymes 
the single-chain NT remains as such and after isolation from the bacterial culture can be 
nicked by the exogenous proteases (such as trypsin) into the dichain protein. The 
proteolytically processed dichain NT is more potent than the single-chain NT. The higher 
potency is evident whether the assay is mouse lethality, paralysis of neuromuscular 
junction preparations, or blockage of neurotransmitter release (24-27). This enhancement 
of biological activity is referred to as activation (28). The type A NT isolated from a 96-hr 
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incubated bacterial culture is found in the dichain form and fully activated (i.e., treatment 
with trypsin does not activate.it further}.. The type EOT isolated from a 96-hr incubated 



n (nicking) the 

n 100-fold activation (12.28). The proteolytic processing at 
the melting region involves cleavage of more than a single peptide bond; the result is 
excision of several amino acid residues. In the cases of type A and type E at least four 

wXfS^XV, ,hree residues <Gly - Ile - Arg) - - k ™* 

The complete amino acid sequences of NT serotypes A-F have been deduced on the 
basis of the corresponding nucleotide sequences (31,32 and references in Ref. 31). The 
predicted ammo acid I sequences indicate that the singte-chamNTs are made of 1225 Jo 
1 25 1 ammo acid residues; they are schematically represented in Fig. 2a. Among these six 
serotypes type E is the shortest (1251 residues) and type A is the longest(I295 residues) 
During proteolytic processing of the single-chain NT at the nicking region, additional 
cleavage at the NT's N-terminal (and hence excision of small peptides) does not occur. 

"' t* oHhe NT types A. B. and E have demon- 
tin intact. Whether the original C-terminals of 
^proteolytically processed NT is yet to be determined. 
Alignment of the amino acid sequences (not presented here, but see Refs. 31 and 32 
for details) show an overall low homology (-50%), although several short stretches of 
varying lengths are homologous. This is understandable, because too much homology in 
ice would endow the NT serotypes with common antigenic epitopes. Since these 
is do not show serological cross-reactivity (except as mentioned before), their 
e likely to be more dissimilar than similar. The 
n is likely to be just enough to conserve the structures requited for 




Proteolysis (nicking) converts the single-chain neurotoxin (NT) to di< 
of the NT is represented in the straight line (panel a) and folded (panel b) configL 
of more than one peptide bond during nicking are depicted by release of four an 
The light (L) and heavy (H) chains (mol. wt. -50,000 and -100,000. respectiv 

' linked by a disulfide bond and noncovalent bonds (dotted lines between the L 
el b). The two halves of the H chain, the N-terminal and C-terminal halves, are 



and H chain, s 
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Type A: 




Type A: h 



Type A: lahelihaghrlyg 

B: LMHELIHVLHGLYG 

C: LMHELNHAMHNLYG 
- - Ot Ii HHELT L Y"G' " 

E: LMHELIHSLHGLYG 

F: LAHELIHALHGLYG 
Figure 2 Covalent structures of the. neurotoxin (NT) serotypes anda-fcw of their important 
homologous segments, (a) Total number of amino acid residues, deduced from nucleotide se- 
quences (31 ,32) present in the single chain NTs before proteolytic processing; also identified are the 
Cys residues that probably form the interchain disulfide in the dichain NTs. (b) Dichain type A NT 
and its Cys residues that have been deduced to form utter- and intrachain disulfides, (c) Homologous 
segment of the L chains of the NTs, containing the sequence His<}lu-Axx-Axx-His-Axx-Axx-His. 
and the zinc-binding motif. 



£ tTiSiS 0 " ^ belOW ' ha " :Ve,,SOnKOftheSe * NT serotypes 

. Two Cys residues. , the locations of which are conserved among alt serotypes and 
5"! ^ ™ ^ lh « l « ta *» P"*"" P^biy form the mTrachain 

Sa^fJ)'Thr SUm f ,,y f a ? ? *" in ^ n ^'^ between the L and H chain. 
Evidence for this is inferential; direct chemical proof is yet to come. An intrachain 
Rtf ™ £L Ct ^° f <^ A and B has been also deduced (see reference! 
Ref. 33). h thecase of Type A, Cys 1234 and Cys 1279 form this intrachain disulfide, as 
shown ,„ Fig. 2b (33). Type B and E NTs haveCys residues in equivalent locations^ 1)! 
Roles of Cys Residues in Biological Activity 

KS 0 "^ ^ nUrnber ° fCyS residues P^"' to type A NT became known (from 

basis of Ae simple mouse lethality assay, the free -SH groups were found not essential for 
toxic.y (34) but the integrity of the disulfide bondWwi found essential <£> Th« 
22 7£?rT ! reCe ' Kly bee " C ° nfinned and ««- «« ^ context of the disS 
Z^i T k ™ ,wn (1) mat ^ P«tactbe binding of type A NT with the receptors 
m.ernal.zat.oMof the L chain) depends on the integrity of one or bom disulfides (expert- 

not distinguish between the —A ;_. I..:— ■ . .. . r 



, — *~" iniracnams, since selective reductive 

tZlTi! ,7 n0 tr S ' b,e ^ that "* L ChaiD ' S intracelIul - inhibitory activity 
□TlreT an m ^-i ,«T" "* L Chai " W3S ^ fo "™tog alkylation of 

rwh^Tin i^ * ?' ™ J U,at rem ° VaJ ° f "* 32 C*nni«l of the L chain 

^otl^r^rT^^ 1,5 intraCe " U,ar ^ » 7 >- Potots 2 and 4 
?2E ,w r (, » tojodf.) linking L and H chains, and the Cys 429 on the 
L chain (see Fig. 2b). have no role inJhe actual intracellular inhibitory action of the L 

chLnr n ickL „? Z t0 TT ' C0Vi " en, ' inkage the L chain and H 

.h i ,. «ngfc-cha.n protein-otherwise the L chain, being easily 
separable from the H chain, might not reach the target cell interior (see below. Fig. 4). 
These deductions are cons.stent with the observation mat the dichain NT presented to the 
^Tn^LT'r ""I' by . paSsin * of ^P'" bi »dtog and internalization 

by endosomes), shows higher intracellular inhibitory activity after reduction of the 
interchain disulfide between the L and H chains (27); re ■ ' 



The Zinc-Binding Site of the Neurotoxin 

A segment around the midsection of the L chain of all six NT serotypes sequences (Fig. 
1* the f2" e " ce H.s-Giu-Axx-Axx-His. which is the zinc-binding motif of in 
endopeplidases. The three proteases thermolysin, Bacillus cereus neutral protease, and 
idomtma aeruginosa elastase contain Zn, and their three-dimensional si 



by x-ray crystallography, indicate that in each case an atom of Zn 2+ is bound 
with the two His of the motif His-Glu-Axx-Axx-His, while 
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the Glu residue binds a water molecule acting as the third Zn 1 * ligand. The fourth ligand 
■s aether Glu res.due (see Ref. 38 for further references). On the basis of this clue 
atomic absorption analysis of type A, B, and E NTs were made; ill three NTs contain one 
Zn atom per molecule of NT (mol. wt. -150.000). Measurements of Co. Cu, Fe, Mn 
and Ni were also made, and none was detected. Additional experiments demonstrated that 
thu : peptide segment binds Zn and mat two His residues are involved in Zn coordination 
(38). The possibdity that the NTs could be Zn endoproteases was tested and oroteolvtic 
activity has been found (see below. Functional DomaJnsT P«wly«ic 
Secondary Structures 

tftemt^T^T^t'T* (Q - hClix - P- Sheet ' P- ,um . ^ randon, coil) 
of he NT types A, B. and E revealed.that. these, proteins have highly ordered structures 
ftat are dominated by the B-sheets. About 62-72% of the amino acid residues are in ite 
^iTl UK ? P lll a " heliceS plus 41 ~ 44 * in 8 ^eets). and the rest 
Z Z^T^r, 1 ?" ' * hich approximates the pH inside the endosomes. 



Z^^T 26 * T- ^ 29% M content of *■ m » ; p" 55 

S under^cL . Jri" *"; indu « d conformational change the NT presum- 



ably undergoes inside the endosome before channel formation (see below). Analysis of 
£ JesSnt 1 T A "T f0 " 0Wing theiF 'h™*"^ «P"*ion gfve an 

interesting insight into their confnrmntinnnl cr,hn;„, ,a n -n_ , . .. 



y WO. The sums of the a-helix, 

<m coil contents of the separated Land H cl 



mean, were similar to the content of the corresponding structural elements in the NT (see 
nt 7*\ ,o *i °/ *" a " eliX COnterU ° f *« L ™ and the H chant 

i oZ J!h ^ " mean - W3S Similar '° lhc a - heli * con,en < °f the NT (20%). 

woe^i^JS^ 



' " "' — -""""J '""itaies inai me two chains, by virtue of their 

cX™K- raay Mprcss * eir individual bi0,0 * ical TO,ivities even Physi- 

tKwS?,' 1 n ° to,n ag Tl Wi,h lW ° in *P enden < "Perimental observations: (!) 
« ^ SET TJT T^" ^ ,he " rCC ° nju « ated to fo ™ disulfide-linlced NT (mol. 
eEJ. wh,ch 1 ,s k n 1 , *'y *" ve <■* "ferences. in Ref. 28). (2) The separated 

cha ns although nonlethal by themselves, are biologically active, i.e.. the isolated H 



:s in Ref. 42). 



ts of Type A Neurotoxin and Its Light (L) and Heavy 



Structures oft 



Tertiary and Quaternary Structures 

A simple mode! of the. folded configuration the NT has been built based on the result, 
ofhnuted proteolysis (33). Fig ure 3, which incorporates the ideas pS i F^lb 



NT imkn rtipir nir« 1 '.JT assoc " u,on 'he* t» 

protease-susceptAle sites unavailable for cleavage 

the H chain each of ~£ «tt Zr . M P ara "°n. *e L chain and the two halves of 
(These segments were referred to as A-C-B above, "InUoduction".) 




Figure 3 Model of folded configuration of the j 
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The above observations allowed us to build the model in Fig. 3 (33) the salient features 
of which are as follows: (1) sites 1. 2. 3, and 4 are on the surface and hence accessible to 
proteolysis, (2) most of ihe L chain is shielded by the H chain from proteolysis, (3) most 
of the N-terminal half of the H chain is closely associated with the L chain, (4) the 
C-terminai half of the H chain is not associated with the rest of the molecule, and (5) the 
C-terminal segment is highly accessible to receptors on the target cells (see below) and 
proteolysis, and it allows the NT molecules to associate to form what appear to be 
"dimers" (see below). The shape of the NT molecule is ellipsoi'dVathw than spherical; so 
that one of its axes is longer than the others (the reasons are discussed in Ref. 33). The 
diameters of the NT serotypes A, B, and E, measured by dynamical light scattering, are 
100 ± 4, 1 10 ± 4. and 100 ± 4 A (46). The diameter of the type A NT, 96 A (stokes 
radius - 48 A), measured many j^eareagp by gel .filtration^ 17). agrees well with the new 
data. It is not clear yet if this diameter represents the size of the NT monomer (mol. wt. 
150,000) or dimer (mol. wt. 2 x 150,000). 

Three independent lines of evidence indicate that the NT molecules associate to form 
entities larger than 150.000 (mol. wt. 300.000 and larger): (I) Chromatography of pure 
type A NT yielded type A NT molecules larger than 150,000 (47). (2) Polyacrylamide gel 
electrophoresis (without SDS) of pure type A NT demonstrated protein species of mol 
wt. 300.000 and larger (33.43,48). The NT without the C-terminal half of the H chain 
(i.e., after cleavage at site 3) does not associate to form larger-molecular-weight species 
(3) Crystals of pure type A NT also indicate dimerization (49). 

The pure Type of A NT (mol. wt. 150,000) has been crystallized in three different 
crystal morphologies; all three have the same crystal form and diffract to 3 A (49). De- 
"™ "» of * e three-dimensional structure of botulinum NT at atomic resolution now 



The absolute neurospecificity and extremely high potency of the NT are attributable to its 
high affinity for specific receptors on the presynaptic membranes and to an enzymatic 
^functions of the H and L chains of the NT. respectively (Fig. 4). To explain how 
the NT at extremely low concentrations can. bind specifically to tbe. nerve cells, -the 
proposal of Montecucco (50) deserves reiteration. The NT first binds to the gangliosidc- 
nch lipid membrane, then the lipid-NT complex moves laterally to reach and bind the NT- 
specific receptor, which is protease-sensitive. Accordingly, any docking of the NT 
molecule on the membrane results (following the "catcn-and-delivery effect") in a 
productive binding with the NT-specific receptor protein. The lipid-binding step "is 
actually equ.valem to concentrating the NT and its protein receptor in a much smaller 
volume . . because the partners of the binding reaction are now restricted to the two- 
dimensional plane of the plasma membrane rather than in the three-dimensional water 
phase (50). The two-step hypothesis agrees with experimental results. Two-dimen- 
sional, ordered arrays of NT types A and B form at the interface of a NT solution and 
phospholipid monolayer containing the ganglioside GT, b . The NT binds the hydrophilic 
moiety of the ganglioside. and two-dimensional diffusion allows crystals to form (51). 

Receptors (also referred to as acceptors) of high affinity have been identified (the K D 
values, for example, for type A, B. and E NT range from 0.5 nM to 100 pM: see Refs 
2.15.42 for review). In fact, two receptor species, one with higher affinity and low 
populations, and another with lower affinity and higher populations, have been identified 
for type B NT (52). Some NT serotypes do and some do not share the same receptors- 
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which is now inside the en 



se by the neuraroTuY(NTT."The NT binds to the receptor (black triangle) on 
■ ) via its heavy (H) chain. Endocytosis (step 2) internalizes the NT, 
es (step 3). The acidic pH inside the endosome (steps 3.4) induces 
Bomal membrane by a segment of the H chain (step 4) that allows 
the light (L) chain to egress from the vesicle (step 5) into the cytosol (step 6), where the L chain acts 
enzymatically and disrupts the neurotransmitter secretion. This model accommodates the possibility 
that the single-chain NT. after binding the receptor and internalization, is nicked to the dichain by 
the endosomal proteases (between steps 3 and 4). The model does not attempt to define the step at 



e.g. . types A and E share the same receptor, types A and B do not (53). The densities of 
the distinct populations of receptor/acceptor (mouse diaphragm) for NT types A and B 
have been determined; their average numbers are 153 ± 21 and 637 ± 131 per u.m 2 of 
membrane, respectively (54). Black and Dolly (54) considered these densities too high 
relative to the number of NT molecules needed to induce in vivo paralysis ( I mouse LDv, 
being equivalent to -1.2 x 10-"gor8 x 10- ,7 molor5 x 10 7 molecules of type A 
NT; at the maximum, 100-1000 molecules are needed to block neurotransmission at each 
synapse). Thus the receptor/acceptor densities greatly exceed the number of NT molecules 
needed to block a synaptic transmission, arguing against a."pne-hif model foriheNTs 
mechanism of action. The role of high densities of acceptors therefore appears to be to 
concentrate the NT on the target membrane surface for the next step— delivery inside the 
cell via intracellular vesicular compartments. 

The ganglioside <GT lb )-binding site on type A NT is primarily confined within the 
C-terminal (50,000 mol, wt.) half of the H chain; the N-terminal half of the H chain did 
not bind GT,„ under any conditions tested, and the L chain exhibited a small degree of 
binding, which might be nonspecific (45). The demonstrated ganglioside-binding site on 
type A perhaps can be generalized for the other serotypes. Analogy with tetanus NT, 
which is very similar to botulinum NT in structure, structure-function relationship and 
mechanism of action (2, 15,55), further indicates the receptor-binding role of the C-termi- 
nal half of the H chain. A protein (mol. wt. -20,000) expressed by PCI2 cells following 
differentiation with nerve growth factor binds tetanus NT. and the binding is neuro- 
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specific. Only the C-terminal half of the H chain of tetanus NT binds to this protein; the 
remaining segment of the NT, i.e., (he L chain and the N-terminal half of the H chain 
(moi. wt. -100.000), did not bind (56 & reference 33 therein). These experiments once 
again demonstrate the role of the C-terminal half of the H chain in receptor binding. A 
protein(s) that appears to act as the receptor protein for botulinum NT type B has been 
reported (52.34). 

According lo the currently held view, when the pH inside the endosomes drops, the NT 
entrapped within this acidic environment undergoes some conformational change leading 
to an insertion of a segment of the NT into and across the endosomal membrane (Fig. 4, 
step 4). This poorly understood process somehow allows the L chain or the L chain and a 
segment of the H chain to cross the membrane and reach the cytosol. The experimental 
evidence behind this scenario is low pH-induced channels in lipid bilayers formed by the 
H chain and the N-terminal half of the H chain. Neurotoxin added to one side of an 
artificial lipid membrane forms few channels when on both sides the pH is -7.0 or -5 0- 
however, when the pH on the side of the NT is lowered to -5.0 and kept near 7.0 on the 
other side, many channels are formed. The channel-forming activity is confined to the 
N-terminal half (moi. wt. -50,000) of the H chain (43,44, and references therein) This 
pH gradient favorable to channel formation mimics the condition of low pH inside the 
endosome and physiological pH of the cytosol, i.e.. outside the endosome. A narrow 
segment of the N-terminal half of the H chain of type A NT. residues 650-68 1 has been 
Ipca^thataprJears to heKsponsible for channel formation (57). Whether these channels 
provide a large enough opening for a polypeptide to pass through is not yet known. 

Enzymatic activity of NT was recently demonstrated based on the proteolytic cleavage 
of a neuronal protein (58). Incubation of highly purified small synaptic vesicles (rat 
cerebral cortex) with the NT serotype B cleaved a single peptide bond (between residues 
76 and 77. Gln-Phe) of synaptobrevin-2 (also called VAMP), which is a synaptic vesicle- 
associated integral membrane protein. Of the two isomers or synaptobrcvin, synap- 
tobrevui-| has Val in the position of Gin; the Val-Phe bond in synaptobrevin-I was not 
cleaved. The L chain of tetanus NT also cleaved synaptobrevin-2. and thus by analogy the 
Proteolytic^ activity of botulinum NT is confined in is L chain. Unlike. the type B. NT, type 
A and type E NTs did not show any cleavage (58). 

The nonidentical actions of NT types A, B. and E are not surprising; the intracellular 
mhibitory effects of the type A. B, and E NTs studied in permeabilized chromaffin and 
PCI2 cells aho show notable differences. The Ca** -stimulated secretion of norepineph- 
rine was inhibited most by type E and least by type A (26,27). Long before permeabilized 
secretory cells were utilized to study the intracellular inhibitory actions of NT, Sellin (53) 
had proposed, on the basis of other experimental evidence, that various NT serotypes do 
not follow a single mechanism of action, and that the intracellular site of action of type A 
is distinct from those of types B, E, and F. (See Note Added in Proof.) 
Potential Use of Different Neurotoxin Serotypes and Chimeric Neurotoxins 
The different NT serotypes could be used clinically to exploit their nonidentical phar- 
macological actions rather than only to obviate the immunity that may develop from 
repeated administration of a single serotype. This idea must have crossed many minds. 
Further additions to the repertoire of pharmacological differences may be made by 
generating chimeric neurotoxic molecules, e.g., an NT made of L chain of type E and H 
chain of type A. The following considerations of the structures and structure-function 
relationships of the NTs favor the above two ideas. The different paralytic effects 
(magnitude, rapidity, duration, and recovery/reversal) produced in identical neuromuscu- 
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is by different NT serotypes (e.g., type A vs. type E, in Refs. 59,60) are 
probably rooted in the intrinsic structural features of the functional domains of the NT (42) 
and some of the components of the target neuronal cells. The population of receptors 
specific for the different NT serotypes present on the neuromuscular junctions of various 
muscles may not be identical. A therapeutic target area X may be significantly richer in 
receptors for NT type A than for types B and E, and other target areas Y and Z may have 
more receptors for NT type B and E, respectively. Experimental knowledge of such 
differences would indicate that better tools to paralyze muscles at target areas X, Y. and Z 
could be NT types A, B, and E. respectively. This consideration, based on the function of 
the H chain, attempts more efficient capturing of the NT and delivery of it inside the target 
neuronal cells. A corollary of this approach is that a lower amount of administered NT 
protein, also, lowers the immunogen load. . The actual inhibition of neurotransmitter release 
could be further manipulated by presenting the target cells' cytosol with an L chain, 
chosen on the basis of its intracellular inhibitory activity. Thus a chimeric NT can be 
designed and made from Land H chains from two different NT serotypes, each chosen on 
the basis of its functional properties. Certain combinations of these two structures could 
provide therapeutic agents more suitable than the NTs we know of now. 

Production of chimeric NT is clearly feasible. The L and H chains of NTs after 
separation can be reconjugated to generate neurotoxic dichain NT (mol. wt. -150.000. 
see references 4-6 in Ref. 61). The chemistry involved in this approach has allowed 
generation of type A NT that was selectively radiolabeled at either the L or the H chain 
(one of the separated chains was radiolabeled and then combined with the corresponding 
nonlabeled chain) (61). More convincing is that the L and H chains of tetanus NT have 
been combined with H and L chains of botulinum type A NT, and that the chimeric NTs 
(part tetanus, part botulinum) exhibited predicted biological activities (62,63). 

CRYSTALLINE TYPE A TOXIN 

The preparation of type A NT that has found rapid and wide acceptance for therapeutic use 
re of type A NT and nonneurotoxic proteins; since 1967 (64) this 
ardly received a rigorous analytical scrutiny satisfactory to the 
ti protein biochemistry. Crystallography data for the preparation have 
never been reported. 

The following properties of the crystallized toxic preparation are used to judge its 
purity (19): 

1. Around neutral pH it absorbs maximally at 278 nm. 

2. The ratio of its absorbance at 260 and 278 nm is 0.6 to 0.55. 

3. An absorbance of 1.65 at A,„ is equivalent to I mg protein/ml. 

4. Its isoelectric point is 5.6, and at acidic pH it migrates in electric field as a single 



5. The nitrogen content is 16.2%.* 

6. It contains about 0.1% or less RNA. 

7. Its specific toxicity is 3 x 10 7 ± 20% LD^mg protein. 

The properties listed as items 1. 2, 3. and 5 are not unique features of this protein 
preparation because these could be parts of general properties of proteins. 
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Comments on the Optical Properties 

The three aromatic amino acids tryptophan, tyrosine, and phenylalanine, in aqueous 
solution, absorb light at wavelengths of 250-300 rim in characteristic fashions. Tryp- 
tophan, tyrosine, and phenalalaninc maximally absorb near 280, 275, and 260 nm. 
respectively. Thus the absorption profile of a protein in aqueous solution, in the region 
250-300 nm, is determined both qualitatively and quantitatively by the absolute number 
of the three.aromatjc amino acids, and Jheirjelative proportion. A protein completely free 
of nucleic acid (which absorbs maximally near 260 nm) can have significant absorption at 
280 and 260 nm, the relative extent of which depends on the characteristic amino acid 
composition. 

The absorption profile of pure type A NT (Fig. 5) shows an absorption maximum at 
278.2 nm, a minimum at 249.5 nm, and a steep rise below 250 nm. (Proteins, like many 
organic compounds, also extensively absorb below 250 nm.) The pure type B and E NTs. 
prepared in our laboratory, exhibited 278.0 and 277.7 nm as absorption maxima and 
249.7 and 250.0 nm as absorption minima, respectively (Table 2). The ratios of the 
absorption maxima and minima for these type A. B, and E NTs were 0.301 , 0.301 . and 
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0.286, respectively. The ratios at K^K m of the NTs purified by chromatography are 
invariably below 0.5. 

The theoretical molar extinction coefficient of type A NT (mol. wt. 150,000) at 280 
nm, calculated from the molar extinction coefficients of tryptophan, tyrosine, and phe- 
nylalanine and their known abundance in the protein (15. 74, and 70 residues, respec- 
tively, see ref. 3 in 31) is 181,150, which means that 1 mg/ml of the NT has an ab- 
sorbance of 1.212 at 280 nm (B. R. DasGupta, unpublished data). The large difference 
between the deduced absorbance of the pure NT, 1 .21 . and that of the crystalline com- 
plex, 1.65, is probably due to the nonneurotoxic components in the complex. 

The notion that "the purity of the crystalline toxin cannot be defined strictly in terms of 
percent purity because of small amounts of undefined material absorbant at 260 nm most 
probably nucleic acid material" (19) is not completely right, because as mentioned above 
any protein with aromatic amino acid residue absorbs at 260 nm even if nucleic acid is 
entirely absent. Thus the use of the ratio of absorption at 260 and 278 nm has very limited 
value in judging whether a protein is free from other proteins and nucleic acid This point 
is also articulated by the data in the last column in Table 2. Note that any mixture of pure 
type A B. and E NT. in any proportion, will have a ratio of absorbance of -0,50*260 
ana 278 nm. 

Electrophoretic Analysis and Criteria for Testing Purity 
The electrophoretic migration of the crystallized type A toxin preparation as a single hand 
at ac.d.c pH. an observed fact, has questionable value forjudging the purity of the protein 
preparation. Although it has been known since 1980 (66) that the nonneurotoxic compo- 



ts that form a complex with type A NT can be resolved rlectrophoretically in the 
presence of SDS mto at least 7 proteins, some of which were partially sequenced recently 
(o7), this author is not aware that the crystalline preparation has been defined as to the 
exact number of proteins it is composed of and their relative proportion. The basts of the 
■dea that the crystalline toxin (mol. wt. 900,000) "is composed of two molecules of 
neurotoxin (ca. 150,000 M r ) non-covalently bound to non-toxic proteins- (19) was not 
described and is not known. 

ation of the purity of a substance requires a definition of the substance; "the 
die definition of its composition, the more meaningful consideration of its 
tive proteins composed of multi-subunits that are 
examples are ribosome, ATPase. acetylcholine 



Table 1 The UHmviotet Absorption Properties of Botulinu 



Type A 249.5 ni 

Type B 249.7 
Type E 250.0 



0.491 
0.495 
0.468 



Type A NT in 0. 1 M Na-phosphaie buffer pH 7.4. plus 0.05 M Had. 
Type B NT in 0.. M Na-phcptae buffer pH 8.0. ph. 0.05 M MCI. 
Type E NT .n 0.1 M Na-phosptate buffer pH 7.4. plus 0.01 M N.C1. 
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The published literature does not inform us exactly how many different proteins (and 
nucleic acids) combine in what relative proportion with the NT to form the complex that is 
eventually crystallized. This understanding needs to be developed rigorously.befpre tbe 
issue of purity of the crystallizable complex can become meaningful. If, for example, it 
can be shown that the crystallized complex is made of NT and, let us say. seven different 
nonneurotoxic proteins, and all eight proteins combine in certain fixed relative proportion 
(e.g., 1:1:1:1:1:1:1:1), then the purity of the crystallized complex can be qualified 
according to the presence of anything in addition to the NT and the hypothetical seven 
other proteins. 

Simple experimental techniques are available to develop this information objectively. 
Electrophoresis of the complexes of NT and nonneurotoxic proteins in polyacrylamide gel 
in the presence of SDS resolves the complexes into multiple bands that can be visualized 
after staining with Coomassie blue or silver (see Ref. 67 for such patterns from type A, B, 
and E complexes). The total number of different proteins present in a complex and their 
molecular weights can thus be delineated. Densitometric scanning of the band patterns in 




^.imnwmimMM complex, 

Toxin Complex and Crystalline Toxin A, History and Current Status 

In the bacterial culture, the NT exists as a large complex made of the NT (mol. wt. 
-150,000) and nonneurotoxic protein(s); noncovalent association keeps the proteins 
together (Fig. 6). The nonneurotoxic protein(s). which seems to be produced by the 
bacteria simultaneously with the NT. may or may not agglutinate red blood cells, i.e., 
may or may not have hemagglutinating (Hn) activity. Based on this property these 
nonneurotoxic proteins have been designated Hn + and Hn" (67). 

Attempts made in the mid- 1940s to purify the NT from the bacterial culture resulted in 
the isolation of a complex of the NT and nonneurotoxic proteins, which were crystallized 
m 1946 by two groups: Lamanna, McElroy. and Eklund (9) and Abrams. Kegeles, and 
Hottle ( 1 1 ). The molecular weight of this complex is 900.000. Duff et al. (68) modified 
the earlier protocols for partial purification jot the NT (9,10.1 1) and also obtained a 
complex that crystallized. This modified protocol, developed in 1957 (68). was used to 
prepare the crystallized mixture of type A NT and nonneurotoxic proteins that was 
introduced for therapeutic use (18,19). The mixture of NT. other proteins, and nucleic 
acid that crystallizes readily was obtained entirely by differential precipitation steps 
(9, 10, U. 68) and without the benefit of high resolution achieved by chromatography. 
Anion-exchange chromatography of the crystalline type A toxin separated the NT from 



was found in the NT (16.17). 

Thus the preparation may well be called crystalline hemagglutinin rather than crystal- 
line toxin. The alternative name, perhaps frivolous, is more apt simply because the weight 
of the argument is against the NT content in the preparation. Referring to the crystalline 
type A botulinum toxin. Lowenthal and Lamanna (69) wrote that "work on the character- 
ization of the type A botulinal toxin was in reality characterization of the toxin- 
hemagglutinin complex, rather than of toxin alone. " The preparation of type C toxin 
complex that was crystallized (70,71) contains hemagglutination activity, and poly- 
acrylamide gel electrophoresis (without SDS) revealed that it is a mixture of at least three 
proteins (70). 




the noi 



only about 20% of the protein in the crystalline preparation 
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Purification steps 
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The protocol in use since 1957 for isolating type A toxin complex as crystals (68) was 
modified in 1977 (72). In this improved protocol, one chromatography step was intro- 
duced that substituted precipitation of the toxin complex by ethyl alcohol. There were 
three beneficial results: (1) a twofold greater recovery (33% vs. 17%) of the total toxicity 
present in the bacterial culture was gained; (2) more effective removals of pigments and 
nucleic acids (the A^A*, ratio was 0. 52} were achieved; and (3) the ctyslal lots 
produced were of greater uniformity. 

Crystals of the mixture of proteins produced according to the improved procedure (72) 
and by following Duff et al. (68) contained three antigens (detected by double-diffusion 
serology with anti-crystalline serum), one of which was the NT (detected by anti-pure NT 
serum). The minor antigen was eliminated from the crystals produced by either method 
following recrystallization (72). 

Sugii and Sakaguchi (73) had concluded earlier that "the generally accepted notion 
that type A crystalline toxin consists of two components, neurotoxin and hemagglutinin. 
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will have to be changed." They isolated, using chromatography, two kinds of complexes, 
called L and M (with specific toxicity of 2.3-3.0 X " 
mg.N, respectively). Both were composed.^f.at 
hemagglutinin, and an inert protein. The nc 
tained little or no hemagglutination activity. The ik 
toxin and L complex consisted of two distinct ar 
The inference was that L complex 

The two reports (72,73) indicau r 

isolate complexes of NT and nonneurotoxic proteins thai in purity ale at least equivalent to 
or better than the crystallizable product produced following the protocol of Duff et al. 
(68). 

Type B NT was also initially isolated as a complex of NT and nonneurotoxic proteins 
(74); the molecular weight of the largeYompTex was found to be 500,000 (75). Modifica- 
tion of this purification protocol that did not include any chromatographic step yielded a 
preparation that appeared as a single entity and a large complex (the value was 12.7) 
by ultracentrifuge analysis (76). Only ion-exchange chromatography could resolve the 
complex into the NT (initiauy. reported as 165.000.mol. wt.) and the nonneurotoxic pro- 
teins (77,78). 

Neurotoxin serotypes A and B do not serologically cross-react. Some of the non- 
neurotoxic proteins associated with type A and type B NTs do cross-react. This has 
produced a great deal of false data and confusion. Antiserum produced against the 
complex af type A does not neutralize type B NT (and vice versa) when the assay is mouse 
lethality. However, the same polyclonal antiserum (i.e.. produced against the complex of 
type A) shows positive reactions in Ouchterlony. ELISA. and RIA assays against a type B 
NT preparation if it has a detectable amount of the nonneurotoxic Hn + . Hn proteins. 
These problems can be avoided by producing the polyclonal antiserum against the pure 
T completely free of the associated nonneurotoxic proteins. Cocrystallization of two or 



rates purer crystallized material, generally at the cost of yield, but also often 
mixture .whose cgmDosition remains constant, and thus further selective 
enrichment of one component cannot be attained by the same approach (azeotropic 
mixtures and eutectic compositions present analogous situations). 

Attempts to improve the quality of the material in the crystallized complex of type A 
NT by recrystallization appear to have reached the point of diminishing returns. This was 
recognized as early as 1946, when Lamanna and colleagues (10) wrote: "Amorphous, 
crystalline, and recrystallized materials have been determined to have the same toxicity 
within the limits of errors of mouse titration." When the ratio of absorption at 260 and 
278 nm was used as a parameter of purity (and as an indicator of the presence of nucleic 
aad) it was close to 0.6 and near 0.55 at the end of the first and second recrystallization 
steps, respectively. The third crystallization reduced me ratio only slightly, with a 
considerable loss of the material (19). The purity of the crystallizable proteins is likely to 
improve if separation techniques different from the ones currently used (19.68) are 
employed to break out of the "constant composition deadlock." Introduction of a simple 
chromatographic step, as mentioned above (72), in the old protocol (68) of preparation of 
the type A NT complex has indeed reduced the A 260 /A 278 ratio to 0.52 and increased the 
yield of the final product by a factor of 2. 
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Type A Toxin and pH 
A recent carefully conducted study (79) found that the freeze-dried crystalline type A 
toxin (used clinically), which is stable for r rnbnths" under refrigeration, was 43.9% 
detoxified (statistically significant) after reconstitution for clinical use (50 ng toxin, 500 
W human serum albumin, and 900 ng Nad at pH 7.3) and storage at 6°C for 12 hr but 
was not detoxified for the first 6 hr. The authors of this study, noting that the toxin 
V*m^}*m&.*^mil*^ii&6.2Jfail l H73, suggested, justifiably that 
the reconstituted toxin be maintained at pH 6.2 rather than at pH 7.3. The time-dependent 
inactivation of the toxin preparations above pH 7.0 was observed by the early workers* 
and probably for this reason, in many of the past studies with crystalline type A toxin the 
pH was maintained strictly below 7.0. 

One nicely reason for the pH- and time-dependent inactivation of the toxin preparations 
is the possible presence of traces of protease(s) whose activity is suppressed at acidic pH 
and is high near pH 7.3. This reasoning is favored by the following considerations: (1) 
The pH- and time-dependent inactivations of toxicity were observed primarily when the 
neurotoxic preparations were not chromatographically purified. (2) After chromato- 
graphic purification, the type A complex" could be exposed to pH above 7^0 without 
notable loss of toxicity (73,80). (3) The pure NT is stable for months at pH 7.9 and 4°C 
(81). The postulated pH-dependent inactivating agent, probably a protease, therefore 
appears to be separable from the NT if chromatographic steps are employed. 

The rationale for cUnical «se of the impure type. A NT. (about 80% of protein in the 
crystallized complex is nonneurotoxic protein) is that the nonneurotoxic proteins "bound 
to the neurotoxin apparently play an important role in maintaining the toxic shape of the 
UrfSl'L 0 ^ If " 501 * hy thCn docs * c diluted «J*»»iwi preparation need to 
be fortified by adding gelatin or serum albumin to maintain neurotoxicity, as is commonly 
done (18,19)? Does this suggest that the pure NT (mol. wt. -150.000), separated from 
the nonneurotoxic proteins, may also be fortified from detoxification with some other 
clinically acceptable stablizing agent(s)? Such a preparation concocted with a known 
concentration of the pure NT and a defined added entity (for storage) could have a 



Progress in this direction is not evident from publications, perhaps because of the 
assertion that "an important point regarding the use of purified neurotoxin besides its 
instability is the fact that it cannot be prepared with constant composition and activity" 
(l ?i„^ i ? 7* tniC ' 8nd * is ***** ™ rectification. The NT (mol. wt. 
- 150,000) isolated from the complex by ion-exchange chrornatography r f4Rt reported in 
1966 (16) and now routinely prepared in various laboratories (73.48). has stable activity 



» W ll I*!?,-; - J* Se, " iU,e * pH yCm ^ " «> ™ at room Kraperaiure" (10). (b) 

„ * !?*■» "')• W "t»jH in*Uv»,ion ate place in aohnton 

£Ll ■ -2 h } ^'V™*™*™ " *• "f *• PH — «* allowed to go >bo« 6.5 (9). (e) The 

<g> Standardization of ihe online toaitfslous, lethality was doieTn S„^Zf pH 6 2 ,M, <l lt 
jKmed»d used lo .sola,, ihe to»n appears different from thai of Duffel .1. ,68). but the exact details were not 
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Williams et al. (81) have found that the homogeneous preparation of type A NT, stored 
at 4"C in 0.15 M TRIS-HC1 buffer. pH 7.9, is stable for several months. The pure 
preparations of NT types A and E at very low concentrations (such as 1 x 10" 14 M and 
lower) in physiological buffers, with and without added gelatin or serum albumin, are 
highly active (25,48,59,73,86). The effect of long-term storage on the pure NTs at high 
dilutions is not apparent in the published literature. The NT has constant physicochemical 
composition. Amino jcid analysis of multiple batches of type A NT gave reproducible 
composition (87), and the same is true for type B and type E NTs (see refs. in 88). The 
amino acid compositions of the L and H chains after separation also show constancy; the 
sum of the amino acid contents of the two subunits equals the amino acid content of the 
NT (88). Table 3 shows (1) that the total number of the amino acid residues of the L and H 
chain of type A, within experimental error, is equal to that of the NT, and (2) that the 
amino acid composition determined empirically from acid hydrolysis of the protein 
matches, within experimental error, the composition derived from the amino acid se- 
quence of the NT predicted from nucleotide sequence. Furthermore, those segments of the 



Table 3 Number of Amino Acid Residues in Type A Neurotoxin (NT) and 
Light (L) and Heavy (H) Chains Determined by Amino Acid Analysis, and C™, 
with the Amino Acid Residues of me NT Predicted from Nucleic Acid Sequence 



chain protein before nicking. Alter nkking. 10 residues are. _ .... „, „ „„„„„, 

be published): subtraction of TT-r-Lys-Ser-Uu-Asp-Lys^Gly-Tyr-Asn-Lys from '.his column makes Z 
between this and the preceding column closer. 
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NT that have been analyzed for amino acid sequence (based on direct protein sequencing) 
match with the sequence predicted from the nucleotide sequence (not shown in the table). 
Also, the sum of the contents of secondary structure elements (a-helix, p-sheet, etc.) of 
the separated L and H chains equals the content of such elements of the parent molecule; 
thus the structural domains of the L and H chains are stable. 



Toxicity Assays 

In a very well conceived plan, the mouse lethality assay of the crystallized type A toxin 
was rigorously evaluated (84). Using one standardized toxin preparation, assays carried 
out in II independent laboratories according to a single prescribed protocol gave an 
average value of 0.043 ng toxin equivalent to 1 mouse LD M (the highest and lowest values 
were 0.075 and 0.032 ng, respectively, standard deviation was 0.012). Thus, 1 ng toxin is 
equivalent to 23.2 LD X . This has been regarded as the recommended standardized 
potency of the toxin preparation and assay procedure (19), yet this same publication (19) 
defined 1 ng as equaling 30 mouse LD^ without accounting for the difference between the 
Y? lues .. 0 f j??.-. 2 . and 30 LD*, per ng toxin.. 

the" range in mouse lethality results noted in the 1 1 -laboratory study was thought to be 
due to variation in "- 



n of the importance of correct placement of the inoculum during intra- 
peritoneal injection appears relevant. Studies with substances other than Botulinum toxin 
have .revealed a 14* (89), 10-20% (90), and 12% (91) error in the placement of intraper- 
itoneal injection of mice with a one-person procedure of injection. All or part of the 
misplaced inoculum was injected into the lumen of the stomach, the small bowel, or the 
uterine horn, or was injected subcutaneously, retroperitoneally. or intravascularly The 
incidence of error was consistently reduced to 1.2% with a two-person procedure of 
injection (91). 

The assertion that "the only means of evaluating the potency of acetylcholine-blocking 
power of the toxin is an animal assay [and that] there is no known . . . biological or 
immunological test available that can replace the mouse test for toxicity evaluation" (19) 



muscle paralysis, i.e., iseisUig the immediate postsynaptic effect of poisoning within 3 
hr rather than recording the number of mice dying up to 72 hr. 

Nerve-muscle preparations used for electrophysiological studies of neuromuscular 
junctions are useful for assaying the paralyzing effects of botulinum NT. Besides the 
Classic phrenic ner*c=teniidiaphragm (14), the plantar nerves-lumbriea! muscles of the 
hind paw of the mouse (86) and the chick ciliary ganglion-iris muscle preparation (59) 
have been tested for their response to type A and E NTs. Some of these data, including the 
comparative response of phrenic nerve-hemidiaphragm preparations from various animal 
species to type E NT, are summarized in Table 4. In these nerve-muscle preparations the 
relationship between paralysis time ^the time elapsed from addition of NT to tissue bath to 



:nic response) and NT concentration (within a certain range) was linear or 
linear. For example, when the crystalline type A toxin and rat phrenic 
phragm were used, a plot on logarithmic coordinates of toxin concentration 
(3 x 10 to 1 x 10-" M) versus paralysis time (80-300 min) yielded a straight line 
(14). Paralysis time (36-145 min) of mouse plantar nerve-lumbrical muscle was approx- 
imately linearly dependent on the concentration range of pure type A NT (1 x 10"' to 
1 x 10 M). The chick ciliary ganglion-iris preparation also exhibited muscle paralysis 
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36-145" 
24-80F 



Guinea pig phrenic 



in a dose- and time-dependent fashion within a range of 1-100 nM type A NT and 
0.5-100 nM type E NT cc 



manufacturing practice, is notable: "These restrictions required culturing in simplified 
medium without the use of animal meat products and purification by procedures not 

es such as added 



solvents because of the chance of contamination." 

This view, on the side of caution (for safety), appears to contain the following contra- 
dictions. Toxin production (68) starts with a medium containing animal meat products- 
beef infusion and chopped meat; before crystallization, the toxin is precipitated with ethyl 
alcohol, a synthetic solvent. The toxin is filtered for sterility and stored in the presence of 
human serum albumin (19). Chromatography at present is a highly dependable and 
reliable technique that yields pure products with extraordinary reproducibility. If one 
assumes that column resins may somehow be a possible source of contamination, the 
same degree of possibility should then be applicable to the filters used for sterile filtering 
the toxin because "something" may leach out of the filter material. 
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The recommended extremely conservative guidelines only perpetuate the technokun, 
of .946 (10,. shghtly modified in .957 (68). and merely diJu^lfof^S 

(mol. wt. 150,000) and ch.menc toxins, because their production will require chroma- 
tography. The recommendations from the investigators in England (92). are prudent 
more forward-looking. Interestingly, the quality of the toxin prepay ^EngC wS 
* protein chemistry techniques does notion its opticTproperties 



1 1 in 92), presumably because of the fallacies discussed earlier 



Secure information on the structure of the NTs (mol. wt. ~i 



ship, and the mechanism of act.on of the NT is rapidly emerging. It is hoped that more 
.maginauve and courageous scientists and clinicians will team up to furthTexpfoi^ 
new mformation to provide supportive insight into the clinical application of the NT and 
refinements in the regimen and response. 

NOTE ADDED IN PROOF 

The neuronal proteins (and seme of their cleavage si 



serotypes A, C, D, E, and F. which w „„_ alra llIls 

chapter was wnt.cn, are as follows: neurotoxin serotypes A and E cut SNAP25 (solubte 
NSF attachment protein of mol. wt. 25,000) serotvoe Ccut, JrrZZ rT,Z 

cut VAMP isoform 2. Unlike set^t jpaTSSi vKSKEi 
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Cardiac Effects of Botulinal Toxin 

C. Lamanna, A. N. El-Hage and J. A. Viae ( J ) 

Food and Drug Administration, 200 C Street. S.W.. Washington DC 20204. U.S.A. 



Abstract — Crystalline type A botulinal toxin rapidly caused tem- 
porary bradycardia and electrocardiographic (ECG) changes in 
mice, rats, rabbits and dogs. In addition, in the dog the force of 
contraction was measured and found to be depressed. The ECG 
changes were indicative of conduction defects. The hemagglutinin 
present in the toxin played no role in the effects on the heart, since 
a derivative toxin without hemagglutinin also caused these 
phenomena. The cardiac effects were spontaneously reversible in the 
intact animal without removal of the toxin. On the other hand, in 
the in vitro isolated heart of the rat, recovery from the cardiac effects 
occurred only after the toxin was washed out of the preparation. 
The findings are consistent with, but do not prove, a physical rather 
than a chemical mechanism for the effects of toxin on the heart. 



Little attention has been paid to the occurrence of cardiac effects caused 
by botulinal toxin. Recent reviews or botulism poisoning (Simpson, 1981; 
Thesleff and Lundh, 1979; TheslefT, 1981) have barely mentioned cardiac 
levels or do not discuss the subject at all. In clinical studies (Petty, 196S; 
Ciccarelli and Gimenez, 1981; Sonnabend and Sonnabend, 1981), disorders 
of the heart either were not reported or were not considered to be charac- 
teristic responses in human poisonings. Effects of botulinal toxin on the 
isolated cat heart (Rosenblum, 1966) and on the vagus innervation of the 
heart of the cat, dog, rabbit (Dickson and Shevky, 1923) and frog (Erzina 
and Mikhailov, 1956) have been reported. In this past work, no account 
was taken of the existence of hemagglutinin associated with the neurotoxin 
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(Lamanna and Lowenthal, 1951). Thus the possibility has not been ruled 
out that the effects observed were due to extraneous material in the toxic 
culture fluid or to the hemagglutinin associated with the neurotoxin. Here 
we describe the cardiac effects of progenitor crystalline type A botulinal 
toxin containing hemagglutinin and of the hemagglutinin-free derivative 
neurotoxin on the mouse, rat, rabbit, and dog as observed in electro- 
cardiographic (ECG) recordings. Described is a previously unreported 
spontaneous and rapidly reversible bradycardia caused by the toxin. 



Methods 

All observations were made on the spontaneously beating heart without 
the use of experimental stimulation. This differs from past work cited, in 
which experimental stimulation of heart preparations was employed. 

Toxin 

Crystalline type A toxin that had hemagglutinin as a constituent was 
provided by E. J. Schantz of the University of Wisconsin. G. Sakaguchi, 
University of Osaka Prefecture, provided a purified sample of type A toxin 
free of hemagglutinin (Sakaguchi eial., 1981). The toxins were dissolved in 
a sterilized phosphate-0.2 % gelatin buffer (pH 6.2-6.7) for storage and i.v. 
injection; this diluent in the amounts used and without toxin did not cause 
any discernible physiological changes in laboratory animals. Dosages of the 
toxin were measured as mouse LD M units. 

Type A antitoxin and toxoid 

These reagents were made available by the Centers for Disease Control 
of the U.S. Public Health Service, Atlanta, Ga. 

Experimental animals 

Male and female animals were used. The mice were Charles River CD1 
and ICR strains weighing 25-35 g, and the rats were Charles River 
Sprague-Dawley and Wistar strains weighing 300-500 g. The New Zealand 
white rabbits weighed 3-4.5 kg and the dogs, adult beagles from the Food 
and Drug Administration-bred colony, weighed 9-12 kg. 

Physiological measurements 

A Hewlett-Packard polygraph was used to record measurements of 
physiological responses before and after exposure to toxin. Heart rates and 
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ECGs were recorded under light anesthesia induced by i.p. injection of 
sodium pentobarbital (mouse 15 mg/kg, rat 25 mg/kg, rabbit 10 mg/kg). 
A few unanesthetized mice and rats were also studied and showed no 
difference in measurements compared with anesthetized animals. Sub- 
cutaneous electrodes were inserted in appropriate limbs for monitoring 
the Lead II ECG and heart rate. After readings stabilized the toxin was 
given i.v. 

In the dog, respiration, heart rate, ECG recordings and arterial blood 
pressure were monitored. The polygraph used was other than the one for 
the smaller laboratory animals. The dogs were anesthetized with sodium 
pentobarbital (35 mg/kg, i.v.). Cannulas were inserted in the right femoral 
vein and artery for drug injection and blood pressure measurements, 
respectively. Electrodes were inserted in the s.c. tissue of appropriate limbs 
for monitoring the Lead II ECG and heart rate. Respiration was recorded 
from a cuffed endotracheal tube inserted in the trachea and connected to a 




The spontaneous heart rate was measured for rats and dogs. Vagal 
nerves were not preserved and no experimental stimulus, either electrical or 
chemical for the beat was provided for the isolated heart preparations. 

For rats, a Langendorff preparation was used with 52 cm of water per- 
fusion pressure. The beating heart was rapidly removed from the body of 
an anesthetized rat and placed in pH 7.2 isotonic Krebs-Henseleit solution. 
The aorta was tied to a plastic cannula for continuous perfusion with 
Krebs-Henseleit solution kept at 36° C, The solution was oxygenated with 
a mixture of 95 % Oj and 5 % C0 2 . The perfusate from the heart was 
allowed to drip continuously and was collected in a graduated cylinder for 
measuring flow rate. The heart rate was recorded by means of a pair of 
electrodes attached to the surface of the heart and connected to a Hewlett- 
Packard polygraph for ECG recording. The preparation was allowed to 
stabilize for 5 to 15 min before the toxin solution was injected into the aor- 
tic cannula in a volume of 0.2 to 0.5 ml. After exposure to the toxin, the 
preparation was washed out with fresh toxin-free Krebs-Henseleit solution 
and allowed to reequilibrate before a second exposure to toxin. 

The isolated dog heart preparation has been described by Vick and 
Herman (1971). The heart was excised from an anesthetized dog and per- 
fused with 500 ml of heparinized autologous blood. Heart rate, perfusion 
pressure, ECG and force of contraction were measured continuously. The 
toxin was injected directly into the inflow side of the perfusion tubing and 
allowed to recirculate throughout the experiment. 
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Results 

The crystalline toxin and the hemagglutinin-free toxin had the same 
qualitative effects on the heart, namely bradycardia and changes in the 
ECG. Thus, hemagglutinin apparently does not play a role in the 
cardiovascular changes resulting from exposure to the toxin. On a weight 
to weight basis, hemagglutinin-containing toxin was less potent than the 
hemagglutinin-free toxin in causing cardiac changes; a larger amount was 
needed to produce the effects and recovery was more rapid (Tables I and 
II, compare where toxin doses overlap). This greater potency might be 
thought to be related to the smaller molecular size of the hemagglutinin- 
free toxin (Lamanna et ai, 1970). On the other hand, potency expressed as 
molar specific activity (number of molecules required to cause a given 
effect) does not indicate the crystalline toxin to be less active in causing 
cardiac effects than the hemagglutinin-free toxin. The crystalline toxin has a 
molecular weight of 900,000 and possesses 240x10' mouse LD 50 /mg 
nitrogen while the hemagglutinin-free toxin has a molecular weight of 
150,000 and possesses 500 x I0 6 mouse LD 50 /mg nitrogen (Sakaguchi et ai, 
1981). Thus the weight of crystalline toxin needed for a particular 
biological activity would have to be at least 3 times greater than for a 
hemagglutinin-free toxin before it could be said to be less potent in terms 
of molar specific activity. There is still another way of thinking of potency. 
If the assumption is made that the same number or cell receptors are tied 
up for the same LD 30 of the large and small molecule toxins, then the 
finding (Lamanna et ai, 1970) that the toxic effects of the small molecule 
are elicited more rapidly than those of the large molecule, permits saying 
that the small molecule is more potent. The definition of potency elected 
affects the judgment of relative potency of the different molecular size 
toxins. It is also a fact that crystalline toxin can dissociate with separation 
of the hemagglutinin component from the neurotoxic component. Such a 
separation has been reported in the case of i.v. injection of rabbits with 
crystalline toxin (Hildebrand et ai, 1961). The extent of disassociation 
varies with solvent conditions so that the situation for crystalline toxin 
dissolved in blood and blood-free salt solutions cannot be considered to be 
the same. We do not know the extent and variability in separation of the 
hemagglutinin from the crystalline toxin under our experimental con- 
ditions, so definite conclusions about relative potency of the 2 states of the 
toxin are not possible. 

In mice and rats individual responses varied greatly. To date dose- 
response curves have not been obtained because of the large number of 
animals that would be required. However, the data show a trend for 
prolongation of lag time and a quicker recovery from bradycardia with 
decreases in toxin doses. At doses that caused death in a few hr, complete 
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Table IV 



Heart rale 1% of normal rate) of iht 'isolated rax heart with 
repeated exposure to bolulinal toxin (') 




exposure (min) Recovery Lowest value 



0 100 

0-10 90 72 

10-20 96 72 

20-30 96 66 

30-70 96 78 

70-100 84 66 

100 + 90 72 
Hemagglutinin-containing toxin (20,000 mouse LD m units) 

0 100 

0-5 108 66 

5-10 78 66 

10-15 90 72 

15-20 90 72 

20+ 84 60 



(') Toxin was (lushed out of the preparation within 2 min after exposure and the heart rale 
recovered within 10 min of the exposure. Toxin was reintroduced into the preparation at 



recovery of the normal heart rate before death was often incomplete 
(Table I). At low doses that killed rats and mice many hr or days after 
injection, full cardiac recovery was reached before the animal died. Reduc- 
tion of the heart rate to below 30 % of the normal rate was not observed; 
in the majority of animals, the heart rate was in the range of 45-90 % of 
the normal rate and was only roughly dependent on the dose. The deaths 
of animals recorded in the Tables are attributed to respiratory paralysis 
because of signs of respiratory muscular failure. But these signs appear 
many minutes or hours after the more rapidly occurring reductions in heart 
beats. Thus the effects of the toxin on the heart and respiratory paralysis 
are independent events. 

Thesleff and Lundh (1979) and Thesleff (1981) showed that above a 
certain quantity of toxin there is no further effect on release of neuro- 
transmitter. In other words, when the cellular receptors for the toxin have 
been saturated at a particular dose, increases beyond this dose are without 
further effect. Consistent with this is the lack of reduction in heart rate 
below about 30% of normal. This probably represents the point of 
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saturation of cellular receptors by the toxin and the residual automaticity 
in the heart rate not subject to poisoning by the toxin. 

Table III summarizes representative ECG findings for the rat and rabbit. 
The cardiac effects were preventable by use of specific antitoxin at doses 
preventing death. Toxoid was without effect when given to the rat at a dose 
of 0.014 mg nitrogen which is equivalent to 304 x 10 6 mouse LD S0 of 
crystalline toxin based on a reported value of 240 x 10 6 mouse LD 50 /mg 
nitrogen of crystalline toxin (Sakaguchi et al., 1981). Slowing of the heart 
rate was the prominent common feature of exposure to toxin. This 
bradycardia had the following characteristics: in the intact rat and rabbit, 
5-30 min elapsed before slowing of the heart rate occurred. The effect in the 
intact animal was spontaneously reversible and the disturbance could last 
only a short time (30-60 min); a single lethal dose could cause the cardiac 
efTects, with death of the toxin-poisoned animals occurring hours or days 
after recovery of the heart rate. 

In control rats injected with anesthetic and toxin-free diluent the heart 
rate over a 2-hr period varied over a range of 93-114% of normal. 
Increased heart rate was not observed in the toxin injected rats. The heart 
rate for 13 anesthetized rats was 430 beats/min ± 5 standard error of the 
mean while the rate for 10 isolated hearts was 215 ± 11. 

Isolated rat hearts showed a rapid decrease in the intrinsic heart rate and 
the coronary flow rate decreased to 10-40 % or normal, with recovery 
taking place within min after toxin was flushed out (Table IV). Continuous 
perfusion with toxin in the perfusion fluid maintained the decrease in 
intrinsic heart rate during the entire perfusion period. Toxin neutralized 
with antitoxin did not affect the isolated rat heart preparation. 

The administration of toxin to the various species produced reproducible 
ECG changes indicative of conduction defects. Thus, the Lead II ECG 
revealed prolongation of the P-R, QRS, and Q-T intervals (Table III). 

The dose of hemagglutinin-free toxin given to the dogs was about 
4,000,000 mouse LD S0 units, which is about 4000 mouse LD S0 units per ml 



Fig. I 

Effect or crystalline hemagglutinin-conlaining type A train (8 x 10' mouse LD W units) on 
respiration, heart rate, ECG, and blood pressure in the anesthetized adult beagle dog given 
toxin i.v. Note change in ECG and arterial pulse tracing 1 hr after injection of toxin and 
recovery at 5 hr. The toxin had no effect on arterial blood pressure or respiration during the 
first hr after injection; however, at time of arrhythmia, there was a bigeminal pulse trace. 

Parameters measured are calibrated as follows: ( I ) Heart rate = beats per min, measured on 
a fast trace by counting each beat for 1 min; (2) ECG: intervals measured in msec, amplitude 
in mV; (3) Mean blood pressure -an electrical mean which averages systolic and diastolic 
pressure differences; (4) Arterial blood pressure = measured as systolic and diastolic pressure 
on a 0 to 200 mmHg scale; (5) Force of contraction = measured on a Walton-Brodie strain 
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of blood, based on an estimated blood volume of 100 ml/kg in the dog. The 
dose led to death in 1 to 8 days after toxin exposure. 

Nine anesthetized dogs were given the toxin i.v. The injection was 
followed by an immediate slight decrease in blood pressure and a variable 
increase in heart rate. This tachycardia was not seen in the other animal 
species and might be a temporary response to the stress of injection or an 
inhibiting effect on the vagal nerve. These changes returned to beginning 
values within 5 to 15 min after exposure to toxin. From 30 to 60 min, 6 of 
the 9 dogs began to show ECG changes; these consisted of depression of 
the T wave and, in 2 dogs, premature ventricular contractions (extra- 
systole) (Fig. 1 ). There were no changes in respiration during the time the 
ECG changes were occurring. The extrasystole was accompanied by a 
bigeminal pulse pattern that persisted until the ECG returned to normal 
(Fig. 1). Complete ECG recovery including bradycardia took place within 
1.5 to 3 hr after exposure to toxin. The decrease in heart rate was in the 
range of 35 to 135 beats per min. The normal pulse in the anesthetized dog 
ranged from 180 to 210 beats pr min. 

Bilateral vagotomy, atropine at a level of 0.5 mg/kg and a combination 
of the two in dogs did not prevent arrhythmias, ECG changes, or 
bradycardia from occurring after the toxin injection. The results were the 
same when atropinized (1 mg/kg, i.p.) rats were given the toxin. At the 
peak of the ECG effects 2 dogs were given antitoxin sufficient to neutralize 
the toxin given. No alteration in cardiac response was observed except that 
one of these dogs survived the exposure to toxin. 

The isolated perfused dog heart responded to toxin (8000 mouse 
LDsn/ml in 500 ml of perfusate) in much the same manner as did the intact 
animal. The heart rate of the isolated dog heart was 90-105 beats/min and 
for the dose of toxin used dropped to 75-90 beats/min. These changes 
would not be expected in a control unchallenged heart preparation (Vick 
and Herman, 1971 ). There was a persistent decrease in both the heart rate 



Fig. 2 

Effect of crystalline hemagglulinin-conuining type A toxin on heart rate. ECG, force of 
contraction and perfusion pressure of an isolated dog heart perfused with blood with toxin 
added. Note that at 30 min and 2 hr there was a progressive decrease in heart rate and force of 
contraction accompanied by a marked elevation in perfusion pressure. Following toxin, the 
heart rate decreased from an average of 90-105 beats/min to 75-90 beats/min (84.5% of 
control). This heart failed completely at approximately 2 1/4 hr after having received the toxin. 

Parameters measured are calibrated as follows: ( 1 ) Heart rate = beats per min, measured on 
a fast trace by counting each beat for 1 min; (2) ECG: intervals measured in msec, amplitude 
in mV; (3) Mean blood pressure = an electrical mean which averages systolic and diastolic 
pressure differences; (4) Arterial blood pressure = measured as systolic and diastolic pressure 
on a 0 to 200 mmHg scale; (5) Force of contraction = measured on a Walton-Brodie strain 
gauge. 
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and force of contraction throughout the 3- to 5-hr observation period 
(Fig. 2). In one heart there was an immediate ventricular fibrillation which 
was reversed by electrical defibrillation. The addition of antitoxin appeared 
to stabilize this heart preparation against further ventricular fibrillation. Of 
4 isolated heart preparations, 2 failed at from 1 to 1.5 hr after toxin treat- 
ment with progressive loss of force of contraction and cardiac arrest. 



Discussion 

The cardiac effects of botulinal toxin are direct; they are not occurring as 
a response to respiratory distress or paralysis. This conclusion is based on 
a number of facts: (a) ECG effects can occur before signs of respiratory dis- 
tress; (b) poisoned animals with obvious respiratory distress can have a 
normal ECG; (c) at autopsy immediately after death from respiratory 
paralysis, the heart may continue to beat and has a normal appearance; 
and (b) the strongest evidence of the independence of cardiac effects from 
respiratory distress is the occurrence of similar toxic effects on isolated 
in vitro heart preparations. 

The reason that the cardiac effects have not been recorded in clinical 
studies of botulism, is probably that the victim does not seek medical atten- 
tion early in the poisoning. Since the phenomenon is rapidly reversed, the 
clinician sees the patient at a time when the cardiac effects are no longer 
evident and support of respiration is the key to therapeutic success. Assum- 
ing the human heart is sensitive, ignorance of sensitivity relative to 
laboratory animals prevents any realistic guess as to the significance of the 
phenomenon in human botulism. Dr. V. R. Dowell of the Centers for 
Disease Control, USPHS, Atlanta, Georgia, tells us that in blood or serum 
from human victims of botulism rarely is there as many as 20 mouse 
LDjo/ml present with 1 or 2 LD M being more commonly detected. 

The cardiac studies of Dickson and Shevky (1923) focused on the vagal 
nerve as the site of action of the toxin. However, vagus innervation may 
not be the only action of the toxin, since bradycardia was observed in 
isolated heart preparations. This finding is supported by our experience 
with vagotomy in the dog. In the intact animal, poisoning of the vagus 
nerve would predict the occurrence of tachycardia rather than bradycardia. 
Rosenblum (1966), in studies of the isolated cat heart, concluded that the 
toxin affected post-ganglionic parasympathetic nerves, but did not specify 
where in the heart these susceptible nerves were located. 

A number of locations can be considered (Napolitano etal, 1965; 
Loffelholz, 1981; Loffelholz el a/, 1982) as sites of action for the toxin: the 
junction of the vagal nerve with the sino-atrial (SA) node; site of 
SA-atrioventricular (AV) interaction; His bundle, Purkinje fibers and 
extranodal cardiac fibers. Our findings with the vagotomized and 
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atropinized animal and the isolated heart rule against the vagal nerve-SA 
junction as a primary site of action for the heart changes observed in our 

Heart muscle cells isolated from the nervous system have an intrinsic 
capacity to beat. This beat did not change when toxin was added to rat 
ventricular muscle tissue culture, nor was the viability of the tissue culture 
cells affected. This finding is consistent with the lack of effect by the toxin 
in chick heart cell tissue cultures (Lamanna, unpublished observations, 
1951). 

A remarkable feature of the cardiac effects of the toxin is its ready rever- 
sibility. This is in contrast to the experience with other model nerve systems 
such as the commonly used phrenic nerve-diaphragm muscle in vitro 
preparation. Table IV illustrates this phenomenon of reversibility for both 
the hemagglutinin-containing toxin and the hemagglutinin-free toxin in the 
isolated rat heart. There was a striking difference between the intact and' 
isolated heart in the reversibility of cardiac changes following exposure to 
toxin. In the whole animal, heart changes were reversible, even though 
exposure to toxin was continued. However, in the isolated rat heart, 
recovery occurred only after the toxin was washed out of the preparation. 
The in vivo heart, unlike the isolated heart, apparently possesses an adap- 
tive means for reversing cardiotoxicity even with continued exposure to 
toxin (Tables II andV). 

Reversibility of the bradycardia caused by botulinal toxin presumably 
did not occur in the isolated cat heart since it was not mentioned (Rosen- 
blum, 1966). Vincenzi (1967) reported that, in the rabbit, the beat of the 
isolated SA-node upon stimulation was irreversibly and completely blocked 
by type E toxin culture supernatant. However, impure toxin in culture fluid 
was used in those studies and therefore the findings cannot be definitively 
compared with our results. In addition, the isolated hearts were not 
stimulated in our work, so the response measured was completely 
spontaneous. 

Botulinal toxin is known to act on the cholinergic parasympathetic 
system (Thesleff, 1981). Actions of the toxin may be limited to inhibition of 
cholinergic nerves, including those in the heart. Because of the ready rever- 
sibility, the cardiac effects described in this paper may be a tool of unique 
value in studies of the sites and mechanisms of action of botulinal toxins. 
Further investigations of this heart poisoning may yield information about 
the nature of cardiac innervation that has not as yet been clearly 
recognized. Among the possibilities for future study is the determination of 
the absence or presence of linkages of parasympathetic synapses with 
adrenergic pathways in the heart (Ldffelholz, 1981; Loffelholz era/., 1982). 

What is the significance of the reversibility of bradycardia and ECG 
changes for hypotheses of the mechanism of action of botulinal toxin? 
Reversibility favors, although it does not prove, a physical rather than a 
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chemical lesion at the site of poisoning by the toxin. For the case of a 
chemical cause of toxicity, the receptor or site of action of the toxin would 
be expected to undergo a change in structure with a concomitant loss in 
the capability to react anew with toxin molecules. Otherwise, for repeated 
and rapid uptake of toxin (Table IV) at a given specific receptor site, there 
must be an extraordinary rate of repair of chemical damages at sites of 
uptake or action of toxin. On the other hand, a physical mode of action, 
such as an adsorption-desorption phenomenon, would not require time- 
consuming and repeated in-place synthesis of receptor or other site of 
action damaged by toxin. Thus, the findings fit a physical mode of action, 
such as that in the "pipe and valve" hypothesis (Lamanna, 1976; Hanig 
and Lamanna, 1979; Simpson, 1981). 

There may be 2 kinds of chemically different receptors, one in the heart 
which loosely binds toxin, and another elsewhere in the parasympathetic 
system which strongly binds toxin. Another possibility is the existence of a 
chemically identical receptor which differs in the site and manner of its 
placement in unlike tissues, with consequent variation in the accessibility or 
penetration of the toxin to the receptor. Either possibility can be accom- 
modated by a purely physical mode of action. 
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process currently approved by the United States Food and Drug Administration is variable 
with regard to yield and specific toxicity. The toxin for niedical use in the United States is 
produced by the Hall A strain as part of a complex of at least six other proteins and is ■ 
purified by a series of precipitations and crystallizations. In this study, the toxin complex 
was examined at each step in the purification scheme for toxicity recovered. % solids, 
optical density at 260 and 278 nm, specific toxicity, and for the presence of ribonucleic 
acids. The results show that the procedure is variable and dependent to a large degree on 
the individual components making up the growth medium indicating nutritional regulation 
of toxin formation. Ribonucleic acid associated with the purified toxin complex was found 
at a level of 0.3% and did not appear to be specific 

Botulinal neurotoxin must be lyophilized or freeze-dried to allow for shipping and 
handling of the relatively delicate protein. Recovery of type A and B toxin activity 
following lyophilization was dependent on a number of variables. Conditions were found 
that gave >90% recovery of the toxicity following lyophilization of solutions containing 20- 
2,000 mouse 50% lethal doses. Full recovery of type A and B toxin complex toxicity as 
well as the purified ca. 150 kDa toxin molecule was obtained on drying 0.1 ml when the 
pH was maintained below 7.0 and serum albumins or other protein excipients were used as 
stabilizers in the absence of sodium chloride. Shelf stability was improved by addition of 
trehalose to the serum albumin system but not by addition of sucrose or maltotriose. This 
drying formulation allowed storage of lyophilized type A toxin complex and purified type A 
neurotoxin at temperatures up to 37°C for months with minimal losses in activity. 

Inactivation events which occurred during drying of type A and B neurotoxin were 
investigated. The various drying processes and formulations cause varying degrees of 
inactivation of the toxin and formation of toxoid. This toxoid adds to the antigenic burden 
of the material and further increases the chances of patients developing neutralizing 
antibodies. The processes which result in the formation of this toxoid can involve 
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Members of die genus Clostridium produce some of the most potent neurotoxins 
known. Within this genus, the species Clostridium tttani and Clostridium botulinum are 
probably the most widely known. Neuropoisonings due to these organisms have been 
recognized since antiquity. Hippocrates described a case of tetanus as follows: "The 
master of a large ship crushed the index finger of his right hand with the anchor. Seven 
days later a somewhat foul discharge appeared; then trouble with his tongue-he complained 
that he. could not speak properly„his jaws became depressed together, his teeth were 
locked, then symptoms appeared in his neck; on the third day opisthontus appeared with 
sweating. Six days after the diagnosis was made he died." Although caused by a similar 
neurotoxin, botulism is more subtle in its symptoms. In contrast to the spastic paralysis of 
tetanus, botulism causes a flaccid paralysis which may have gone undetected for many 
years as a disease. Niemann (1991) quotes an author of a textbook on poisons named 
Schanaq who described the production of a highly potent toxin: ■Collect Mood from the 
left vein of the neck of a black bull, fill it into an unrinsed sheep gut. seal it tightly and dry 
the content in the shade of a mulberry tree. The powdered residue intermingled with food 
will lead to death within three days." This author may have described the first commercial 
drying operation of botulinum toxin as well! 

Botulinum toxin has been used therapeutically since the early 1 980's in the 
treatment of spastic muscle disorders thanks in large part to the efforts of Drs. Edward I. 
Schantz and Alan B. ScotL My research into the nature and stabilization of botulinal 
neurotoxins is organized into eight chapters. The first is a brief, historical introduction. 
The second chapter is a review of the current literature. It is meant to give the reader a 
general background on the subject of CTostridium botulinum and it's neurotoxin. It is by 
no means exhaustive. Further, more specific background information is presented in the 
introduction of the five succeeding chapters describing my research. These five chapters 
(III-VID describe original research and are arranged in the format of research articles. 
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been caused by an organism that phenotypically closely resembled £ hntvricum but was 
capable of producing botulinum neurotoxin (McCrosky et al., 1986; Aureli et aL, 1986). 
Again. DNA homology showed the organism to be £. hutvricum (Suen et aL, 1988). 

£. hotulinum strains are further classified phenotypically by proteolytic activity. 
Group I organisms are those that digest coagulated egg white or meat particles and are 
considered to be proteolytic as well as saccharotytic; Group II organisms are those that are 
considered non-proteolytic and saccharotytic; Group ID consists of those organisms that 
may or may not be proteolytic and produce one or more of the toxin serotypes mainly 
considered to affect birds and animals; while Group IV organisms are designated non- 
proteolytic and non-saccharolytic type G strains. A summary of the various serotypes and 
their culture group is shown in the following (adapted from Sugiyama and Sofos. 1988. 
and Rhodehamel et al.. 1992): 



Group I Spores 
(proteolytic saccharolytic strains) Oval and subterminal 

All type A strains, 
proteolytic type B and F strains. 

Group II 

(non-proteolytic, saccharolytic strains) Oval and eccentric to 
All type E strains, non-proteolytic subterminal 
type B and F strains. 

Group in 

(proteolyic or non-proteolytic strains Oval and subterminal 

producing one or more of the following 
toxin serotypes) 
TypeCi.C2. C3.andD. 



Group TV 

(non-proteolytic, non-saccharolytic 
strains) 

All type G strains. 



Oval and subterminal 



Group I and D strains are the predominant causes of human b. 



m while Group ITJ 



* primarily known for causing avian botulism (Smith. 1982) as well as 



of cattle, sheep (Smith, 1977) and sc 



as Hons (Greenwood, 1985). 



^d on the growth of £ Jssnrtinun, in foods 
for obvious reasons. The predominant fecrs ir.vo.ved are temperature. pH. water 
acuvjty, redox potential, presence or absence of inhibitors and compering microflora. Most 

Hie organism and toxin formation. 
rvpicau y haveagrowd,<^ 

45-50 q C. Group n organisms which are considered to be psychrotrophic and ha rowth 

as 3.3-C. Maximum growth mt^mMm^^n^^^^ ^ 
45 0 C(Hauschild,1989). 

of 4.6-5.0. Forgroupnstrair.^Iimi.isca.5.0. These , imit s are dependent on all other 
factorsbemgciosetoopnmum. ^up^HmKof^wthforC^^^ ^ 
reported to be in the range of pH 8-9 (Hobbs. 1976). 

As with all organisms, growth of £. bojujinunj depends on a minimum quantity of 
availab fe water(Aw). Water acuviry in foods is usually control by the use of salt 



I 
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(sodium chloride) or sugars. With other conditions such as pH, temperature, etc. being 
close 10 optimum, the maximum salt concentrations for growth of group I and II organisms 
is in the range of 10% (Aw = 0.94) for group I and 5% (Aw = 0.97) for group II 
(Genigeorgis, 1986). 

Redox potential levels that will allow the initiation of growth of £. hotulinom are 
quite high for an obligate anaerobe, being on the order of +200 mv if there are no other 
environmental stresses. One of the primary methods of inhibition of C- hotulimim in cured 
meats is inclusion of nitrite and nitrate. Nitrate is reduced to nitrite which is the active 
compound. Nitrite is believed to react with iron-sulfur proteins such as ferredoxin to form 
iron-nitric oxide complexes. These claims are supported by the work of Tompkin et aL 
( 1978). In their work, the addition of iron salts or iron ions counteracted the inhibitory 
effect of nitrite while addition of iron -chelating compounds enhanced the nitrite effect. 
Nitrite has the additional attributes of giving cured meats their pink coloration as well as 
acting as an antioxidant (Rhodehamel et aL. 1992). 

The presence of competitive microflora can allow the food processor to use lower 
levels of other preservative compounds such as nitrites in semipreserved meats. Lactic 
acid bacteria are generally added to the product along with a fermentable carbohydrate such 
as glucose or sucrose. Temperature abuse of the product promotes rapid growth of the 
competitive microflora and fermentation of the carbohydrate with a concomitant drop in the 
pH of the system. Some lactic acid bacteria also produce bacteriocins which have been 
shown to be inhibitory to £. Botulinum under some conditions (Tanaka et al., 1985). 

Thermal resistance of C. Botulinum endospores. 

Endospores of £ Botulinum are of critical importance to food industries due to their 
very high thermal resistance. Spores of group I Q. Botulinum are much more heat-stable 
than those of group II . Consequently, most work involving thermal processing and D and 

1 



2 values has been done with 
that results in a 90% 



thermal process that 
is called a 12D process, 
s to lOO. 



A D- value is equal to the heat-treatment 
the bacterial population of interest. A Z-value is the 
temperature that results in a 10-fbldchange in the D-value. T 



: applied to low-acid (pH >4.6), n< 
This process theoretically reduces a toad of 10« vi abIe 

10 12 spore load is much higher than any seen in 



^^rood^odeharneletat. 1992). Di2i°e values for group I 
been reported to be 0.03-0.23 mm (ICMSF. 1980). 
The ability of group n organisms 



sceive a 12D thermal process but 
id then refrigerated. Because of this fata. 

^--us^ly^fo^^^^^ ^ZZbIT 11 
"-repor« :d D 82 , Cvalucsofl . 5 .3 2minwh;j eother^n 

„ . „ mm while other group D organisms such as type E 

stnuns and non-proteolytic type F strains arc in d, 
1989). 



in the D 82 9C 0.2-1.0 min range (Hauschild. 




while type B 

associated with marine and 



II. The disease. 



Foodhorne botulism. 

The disease botulism is classically associated with the consumption of preformed 
toxin in contaminated foods. Originally, blood-sausages were known to be a cause of the 
disease. The Latin word for sausage is botulta. The disease was first reported by van 
Ermengem in 1897 after an investigation of an outbreak in Belgium in 1895 (van 
Ermengem, 1979 translation). The causative organism was recovered from inadequately 
cured, unsalted ham and had caused 13 cases of botulism. 3 of which were fatal. The 
organism was named Bacillus botulinus by van Ermengem. van Ermengem showed that 
culture filtrates of this organism caused botulism in various animals and that the agent was 
heat labile and stabilized by acid. Since the time of van Ermengem. botulism has been 
associated with many other types of foods as well as with other disease etiologies. In the 
United States, the primary source of foodborne botulism is the consumption of improperly 
canned vegetables. Recently, the largest outbreaks of botulism in the United States have 
involved restaurants. In one the implicated food was improperly canned jalapeno peppers 
(Terranova el aL, 1978); in another potato salad was implicated (Seals el ai. 1981); and in 
yet another the toxin was formed in sauteed onions (MacDonald et a!.. 1985). Most of the 
foodborne outbreaks of botulism in the continental United States are caused by type A or B 
producing strains of £ hotulinum white 32 of 44 outbreaks in Alaska since 1944 have 
been caused by type E £. hotulinum (Wainwright el ai.. 1986). Type E Q. hotulinum is 
usually associated with fish or other marine-related foods such as dried and smoked fish, 
fermented whale blubber, and seal meat stored under seal oil (Wainwright et al., 1986). 



A much rarer type of botulism is caused by £ kauHnurn contamination of a wound 
with subsequent growthof the organism and production of ihe toxin in w W rather than 
idtoxin. This type of botulism is termed wound botulism and is 
V a dose relative of £. bjjlulinym, namely £ jejani. 




in ihe United States. This 



>n of the toxin through the intestinal barrier. In the United 
States between .975 and .991 mere were a toul of ,013 cases reported to the CDC of 
which 480 were caused by type A £. hcMimnn and 522 were caused by type B £ 
D (Rhodehamel etaL, 1992). In a study of 336 patients with in 
«i has been demonstrated between toxin from si 

ey. 1987). 



Toxins of the different Q. hotnlinum serotypes are usually produced in culture as 
aggregates of neurotoxin and other non-toxic proteins associated into a polypeptide 
complex (Schantz, 1964; Sugii and Sakaguchi. 1975; Kozaki et al, 1974; Miyazaki. et al.. 
1977; Kitamura et al., 1969; Ohishi and Sakaguchi, 1974; Yang and Sugiyama. 1975; 
Nukinaet aL, 1987). These toxin complexes vary in size from ca. 900,000 daltons for 
type ALL toxin complex (Schantz, 1967) to ca. 300,000 daltons for the type B M complex 
(Kozaki et aL, 1974) and type E complex (Kitamura et al., 1969). to 235.000 daltons for 
type F M complex (Ohishi and Sakaguchi. 1974). Descriptions of the sizes of toxin 
complexes has been confusing since various methods have been used in these 
determinations. Molecular weight determinations of the various sized complexes in the 
1960's through the 1970's was done with ultracentrifugauon and sizes were expressed in 
terms of Svedberg units. The results of some of these studies are shown in Table 1 
(adapted from Sugiyama. 1980). Toxin complexes are described as M for medium, L for 
large and LL for very large. According to Sugii and Sakaguchi (1977). during culture the 
proportion of one toxin complex vs. another is dependent on the growth medium and 
conditions. A type B culture grown in the presence of I mM Fe+ 2 produces an equal 
proportion of L and M complexes while the same culture grown in the presence of 10 mM 
Fe+ 2 produces predominantly M complex. 



Table!. Molecular si 



LL A 
L A.B.D 
. M A,B.C],D, 
E.F 



,naUnE " """ lm Someisand DasGupu, 1991). In particular. 

mptexes of type A. B. and D have been shown to have 

- xss-reactiviiy. Non-toxic fractions from type A and B serotypes 
Ouchterlony diffusion (Sakaguchi et aj, 1974). 
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LD50 's such that the larger the toxin complex the lower the LD50 indicating that there is a 
protective effect occurring in the gut. The nontoxic proteins may also promote absorption 
of the neurotoxin across the intestinal barrier. Following absorption, the neurotoxin 
component occurs free in the lymph and blood of animals fed toxin complexes (Heckley, 
1960; Sugiietal.. 1977). 

Analysis by SDS-PAGE has shown that type A toxin complex consists of seven 
different nontoxic proteins ranging in size from ca. 17,000 dalions to 1 18,000 daltons in 
association with a neurotoxic protein of ca. 147.000 daltons (Gimenez and DasGupta, 
1993; DasGupta, 1980; Goodnough and Johnson, 1993. in press). Isolated type A toxin 
complex has a specific toxicity of 2-4 x 10 7 intraperitoneal LDsr/mg in 18-22g white mice. 
Specific toxicities of otherC. hotulinum toxin complexes are type B M complex- 4-9 x 10 7 
LDsr/mg, type Cj M complex- 3 x 10 7 LDsr/mg, type D M complex- 8 x 10 7 LDsr/mg. 
type E M complex- 1 x 10 7 LDsr/mg. type F M complex- 2-3 x I0 7 LDsr/mg (Sugiyama. 
1980), and 8-9 x 10«/mg for type G (unpublished data). 

C. hotulinum neurotoxin. 

The active neurotoxin of £. hotulinum is a dichain molecule of ca. ISO kDa in 
molecular weight The molecule is composed of two fragments or chains that are termed 
the heavy chain (He, ca. 100 kDa) and the light chain (Lc.ca.50 kDa) that are connected 
by one disulfide linkage. The neurotoxin is synthesized by the organism as a single 
polypeptide and undergoes posttranslational processing termed nicking to generate the two 
separate chains by at least one protease (Figure 1) (Yokosawa et al.. 1986; Krysinski and 
Sugiyama. 1981). The nicking event occurs in the culture fluid for proteolytic C- 
hnrulinum and through the activity of an exogenous enzyme such as trypsin in non- 
proteolytic strains (Yokosawa et aL. 1986. DasGupta, 1990; Kozaki, 1985). Various sizes 
and properties of botulinal neurotoxins are shown in Table 2. 
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Crode purification of botulinum to 



* toxin was flrst demonstrated by Saipe and 
(1928) when they sh 0wed that 90% of the toxic materia, 
could be recovered by addition of acid 



pure culture of £. bjjaUnjnn 
•miS. ^fimreponedpunficanonsoftypeA 



^odu^,^^ 

s. This method as modified by Schanrz (1964) U the 
5. Food a™i Drag Administration for production of 
^A^xincompkxfornseinhuman, This method* 
is relatively simple and straight forward; i, 
as enzymes or re 

basis (Schantz and Johnson. 1992). This m 
of this thesis, "Characterization of type A £ 



method that was approved by the U 



it avoids exposure of the to 



wover others because it 



* detail in chapter m 



u first used in the purification of type A and B 

■nbyDasGupuandBoroff^, ^ -thod yielded purified * 
from ciystalline type A toxin complex using ion-e> 

*»n,«Wph,(&p tai «O-200.Ph m «i j) „ 



P«y and showed for 



din the early 1970s to purify 



toxin from culture fluids without first crystallizing the toxin (DasGupta et aL, 1970; Sugii 
and Safcaguchi. 1975; Ohishi and Sakaguchi, 1977). Others used gel-filtration to obtain 
partially purified type B toxin complex from culture fluids (DasGupta and Sugiyama, 
1976). Type A neurotoxin is now generally purified according to the method of Tse et aL 
(1982). 

With the introduction of different types of ion-exchange resins, cation-exchange was 
used ta further purify neurotoxins that had been partially separated from the non-toxic 
proteins of the complex (DasGupta et aL, 1970; Sugiyama et aL. 1 974; DasGupta and 
Sathyamoorthy. 1984; DasGupta and Sugiyama. 1976). SP-Sephadex C50 (Pharmacia) is 
the most commonly used matrix for this type of chromatography. This type of ion- 
exchange matrix is not suitable for initial separation of the neurotoxin from the non-toxic 
complex proteins because of the fact that pH values under 7 are utilized at which the 
complex is stable. Neurotoxin is separated from most complex proteins at slightly alkaline 
pH values (DasGupta and Boroff, 1968). An alternative method of separating neurotoxin 
from complex proteins is through the use of affinity chromatography (Moberg and 
Sugiyama. 1978). Toxin complex adsorbs to p-ammophenyl-8-D-ihiogalactopyranoside- 
Sepharose at acidic pH. The neurotoxin is then eluied from the column at alkaline pH with 
sodium chloride. Type E neurotoxin has been successfully purified from the non-toxic 
proteins of the complex using high-pressure liquid chromatography (Schmidt and SiegeL 
1986). Fast protein liquid chromatography has been used to purify types A, B. and E 
neurotoxins on anion and cation exchange columns (Woody and DasGupta, 1988). 

Biochemical characterization of botulinal neurotoxins. 

The neurotoxin of type A botulinal toxin is a protein of ca. 147 kDa comprised of 1295 
amino acids (Binz et aL. 1990). Two peptide bonds may be cleaved during processing 
releasing a tetrapeptide (DasGupta and Dekleva. 1990). The nicking occurs approximately 



amino acids and generates the neuratnxir Hn n Ai 

<«» me neurotoxic He and Lc connected by at least one disulfide 

bridge. In type A neurotoxin, the He and Lc have molecular weights of ca. 93,000 and 

52.000 daltons. respective!,, (Gimenez and DasGupta. 1993) which corresponds to the 

predicted modular weights from the nucleotide seouence of the neurotoxin gene (Binzet 

aL. 1990; Niemann, 1991). The two chains are connected by a disulf.de bond between 

cysteine res.dues 430 and 454 (Gimenez and DasGupta. 1993; Binz et al.. 1990). 

Reduction of this disulfide bond by sulftydryl reducing agents such as dithiothreitol or 

ntercaptoethanol eenerates the separate He and Lc These individual fragments are non- 



al., 1988). There is a substantial decree of homnlnov t»r 

^ olnom °'°gy between the He and Lc chains of the 

dtfferent botulinum serotypes as well as to tetanus toxin (Niemann, 1991 ; Whelan et at 

1992). The overall percentages^ 

ftom32to51%. There are regions in the various neurotoxin, ,h» m ., 

e various neurotoxins that are stnctly conserved 

are conserved (Niernarin. 1991; Whelan etaL. ,992). TheavaUabUityofAecompfcte 
ammo acid sequences has also revealed the presence of a highly conserved region of 
hydrophobicily in the H chain, possibly involved in membrane fusion and transport, and 
alsoazincbtndmgmctifinthcLc^^ 

neurotoxins into the category of zinc nteullcendor^teases (SchUvo et al.. 1992a; Schiavo 
et al.. 1992b). 



The target of botulinal neurotoxin is the presynaptic junction of motor neurons. 
The proposed three step mechanism involves binding of the neurotoxin to the target cell 



endocytosis, followed by the inhibition of release of the cholinergic neurotransmitter 
(Simpson, 1981. Niemann, 1991). The receptor itself has not been identified but may 
involve polysialylated gangliosides or a specific protein (Niemann, 1991). Niemann also 
suggested that there are at least two different types of receptors with differing affinities. 
The low-affinity gangliosides are present in abundance (Criichley. et al.. 1988) while the 
presence of a high-affinity protein receptor that is comparatively rare has been suggested by 
others (Yokosawa et al.. 1989; Evans et aL, 1985). This work was done with rat-brain 
and spinal cord membranes under physiological conditions. The existence of high-affinity 
protein receptors has been questioned, however, since pathological effects of botulinal 
neurotoxin on brain tissue have never been observed in vivo after systemic administration 
(Niemann, 1991). The binding observed in vitro may be due to exposure of protein 
receptors to the heavy chain of the neurotoxin during preparation of the membranes 
1. 1991). 

The He in all cases is believed to be the binding and internalization trigger for the 



internalized by the target cells (Simpson, 1989). Lc is not taken up by neuronal cells alone 
and He has no neurotoxic effects without being linked to the Lc (Maisey et al.. 1988). 
Chimeric toxins have been created using the He of botulinum toxin and the Lc of tetanus 
toxin that show binding to the neuronal target of botulinal toxin, and paralysis by a 
mechanism similar to tetanus toxin (Welleret al., 1991). Binding to receptors is believed 
to be mediated by the C-temainal half of the He (Niemann. 1991 ; Kozaki et al.. 1989; 
Motecucco, 1986), while the N-terminal half of the He facilitates passage of the Lc through 



ce U ularmen,b ra n es (N i e raa „ n , 1 99 1 ;BU U s I ei n .,987). Montecucco (1986) panted a ' 
model for binding of ta-hl^^,,^^^ 

series. ^^grfbonUinal^^^^^^^^^^^ 
substantiated by certain pieces of evident that show binding i s trypsin ^ ^ 

radioUbeDcd tetanus heavy chain can no^^^,^,^^^ ^ 
-^-PP^ehypo^^ 

membrane. Such a binding site could be a protein closely associated with the G lb 

gangliosides. That the high-affinity binding site is not bound directly by the heavy ch i f 

theneun^xinc^beeipUnn^ 

boundtatot^Wr-aff^^ 

high-affinity protein teceptor. 



is toxin was shown to be a specific isofonn of syw 
(VAMP for vesicle associated membrane protein), an int 
synaptic vesicles (Schiavo et al., 1992b). VAMP is anchored 




vesicles by a hydrophobic 



:d synaptic vesicles from rat cerebral 
:d synaptobrevin-2 (VAMP) 
atGln-76-Phe-77. Another VAMP, synaptobre vin- 1 (VAMP-1), is virtually identical to 

*irortneGln-76anditwas 
i. The rate of 



VAMP-2 except that VAMP-1 
resistant to cleavage by the < 



cleavage of VAMP-2 correlated well with th 

Aplysia neurons indicating *^ *e vesicte pro^in fat was be^ cIea ^ was re)aled to 
acetylcholine release (Poulain et al. , 98 9). nation of type B neurotoxin with VAMP-2 
andasynthedcpepcdethatcon^dthecleavagesteofVAMP-adela^ 



of VAMP-2. The next botulinal toxin serotype that was shown to cleave a synaptic vesicle 
protein was type F (Schiavo et al., 1993a). Type F neurotoxin was shown to cleave both 
isoforras of VAMP at a unique Gln-Ly s peptide bond present in both VAMP isoforms. ' 
This site corresponds toGIn60-Lys61 of VAMP-1 and Gln58-Lys59 of VAMP-2. 

The specific intracellular target of type D botulinal neurotoxin was shown to also be 
VAMPs. Type D neurotoxin cleaved both VAMP isoforms at a single site that 
corresponded to Lys61-Leu62 of VAMP-1 and Lys59-Leu60 of VAMP-2. These cleavage 
sites are one residue down from the target of type F neurotoxin (Schiavo et al.. 1993b). 

Type A and E botulinal neurotoxin were shown to have a different substrate than 
botulinal toxin types B.D. and Fas well as tetanus toxin. Sollner et al. (1993) have 
shown that SNAP-25 (synaptosomal associated protein of 25 kDa) and VAMP are part of a 
multicomponent 20S protein complex proposed to facilitate vesicle docking and fusion. 
SNAP-25 was shown to be degraded by types A and E neurotoxin (Schiavo et al.. 1993b; 
Schiavo et al.. 1993c). The specific cleavage site was shown to be in the C-terminal region 
of SNAP-25. Using recombinant SNAP-25 the authors showed that the cleavage sites for 
A and E botulinal neurotoxins are separate and correspond to GInI97-ArgI98 for type A 
neurotoxin and ArgI80-Del81 for type E neurotoxin. 

The findings that botulinal toxin types B. D. F. and tetanus toxin have the same 
protein substrate which differs from thai of toxin types A and E correlates well with the 
electrophysiological data that have placed the toxins in the same groups (Molgo et al. 
1990). 



The use of type AC hsMmim toxin complex as a m< 
masctedisonteMrasbepmbAelate l^bya*. A. Scott am, ESdi^' The idea 
was to selectively paralyze hyperactive muscle groups by taking advantage of the 

al procedures which involve mechanically 
Work began in earnest by the early 1980's using monkeys as models 
Aflermore than 20 years of collaboration between Scott and Schantz. crystalline type A 
« an orphan drug in 1989 by the United States Food and 
2 years of age and older include 
a. 1992). Since 

■e type A toxin has been used experimentally in the treatment of many other 
din Table 3. 



of abnormal postures" (Schantz and 
involves injection of nanogram 
This creates a regional field 
activity and pain (Borodic et al., 1991). 
lasts for a period of several 



strabismus, hemifacial sp 
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Table 3. Uses of crystalline type A botuiinal toxin in the treatment of spastic muscle 
disorders (adapted from Schantz and Johnson, 1992; Jankovic and Brin, 1991). 



Focal dystonias of the hand 



Limb spasticity 

including cerebal palsy 



Facial twitching and spasms 
Inward turning of eyelid 
Abnormal movement of head ar 
neck 

Sustained mouth closure or 



Writer's cramp, musician's cramp 
Uncontrollable vocal spasms 
Abnormal urinary control 
Occurs following strokes; other 
neurologic disorders 



i in low dose applications (<20 LD50) has not been 
shown to cause adverse effect, Urge dose applications such as those used in the 
treatment of spasmodic torticollis (>100 LD50) , 

patients to develop reutraUzing antibodies to the toxin (Jankovic arJ Brin, 1991- Scott, 
1989). ^.covered in more depth in cbap^r VI of d,isthesi, Omer side effects 
the use of botutinum toxin therapeutically i 

groups due to the spread of the toxin from the point of injection 

muscles of the head and neck, or* of the most prevalent adverse 

the liability to swallow. This has lead to 

(Borodic et aL. 1991; Stell et al.. 1988). 



id ptosis of nearby muscle 



■s dysphagia or 



In Figure 2. the SI 

complex *-m^* M ^w h ~^™^ a ^ 
Rese^ hInsntutein .979 and stored ax^forMyea.s, Une 3 shows to ch 79-„ 

irri^^ 205 ' 116 " 94 ' 66 - 45 ^ 29 - ^~*°»<*<**«*>*«~ 
nontoxtc-complexing proteins present in lane 2 are as follows from the top of the 
WWfc «-» 1 75 . 147, ..8.0,75.50.39.3,29.22.,,,,^ „. ^ 

our ^^(seechaptersra.IV.an.v.Uusd.es.s,.^ batch 79-1, has deteriorated 



substantially which may panly explain its relatively low specific toxicity (2-4 LDsr/ng, 
Botox® product insert) in the commercial product supplied to physicians. 
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Figure 2. SDS-PAGE of purified type A neurotoxin ^ crysla]Iine lype A 
bath 79-1 1 on a 8-25* acrylarnide gradient geL ^ purified ^ A 
(unreduced); lane 2. batch 79-11 9 (^^,^3^^,^^^^^ 
w/v dithiothretal); lane 4, molecular weight markers (rabbit my osi„- 205 kDa, E. coli 8- 
gala«osidase-,,8kDa, rabbit phospborylase b- 98 kDa, bovir* serum albumin- 66 kDa, 
ovalbumin- 45 kDa, carbonic anhydrase- 29 kDa) (Sigma Chemical Co.. Sl Louis. MO). 
All lanes contained 4-6 jig protein. 



Detection of the toxin of Clostridium hotulinum has been a concern since the time of 
van Ermengem in the late 180ffs due to its presence as a contaminant in improperly 
handled foods. The classic method of detection is bioassay in animals. This method 
involves the injection of culture supernatant into a susceptible animal model and observing 
the animal for overt signs of botulism with an endpoint of death. The qualitative method of 
detection involves intraperitoneal injection of 0.1-0.5 ml of culture supernatant into 18-22 g 
white mice followed by observation for signs of botulism for the next four days. Animals 
that show signs such as labored breathing and a contraction of the oblique muscles of the 
abdomen within 2-24 h will usually die within the four day period. Serotype of culture 
supematants that show the presence of botulinum toxin are determined by mixing samples 
of the toxic fluid with monovalent antisera that are specific for a single botulinal type. 
Confirmation of the presence of botulinal toxin is given when a single serotype of 
antiserum neutralizes the toxic effect This presumes that there is only a single serotype of 
toxin present in the sample. A sample could contain two different serotypes of toxin that 
were produced by either a mixed population of botulinogenic organisms or by a single £ 
hotulinum strain as in the case of Af producing strains. It is also possible that interfering 
substances from the sample cause death. In such cases, monovalent antisera will not 
protect the animal but dilution of the sample usually suffices to reduce this occurrence. 
Quantitation of botulinum toxin is done in terms of the amount of toxin needed to kill 50% 
of a population of test animals. This amount is termed I LD50 and is a statistical 
measurement based on the number of animals in each test group and the susceptibility of 
the test animals to the toxin. Quantitation is usually done with 5-10 animals /dilution and 
the results plotted semilogrithemkally with % death on the vertical axis and dilution on the 



horizontal axis. The point at which the line connecting the % death at each dilution crosses 
50% is the dilution that contains 1 ^injection volume (Schantz and Kauner. 1978). 
From this curve the number of LD50 in the original sample is calculated. This method is 
both expensive due to the animals used and time consuming as well For these reasons- 
other methods of detectine botulinum toxin have been devised 




dKK!Ksr(1978). The 
d is fast and relatively accurate (±20%). Drawbacks to this method are the 
preparation of the standard curve and the need for a higher level of technical expertise. The 
method is also appUcabte only when the amount of toxin in the sample falls within U* 
linear portion of the standard curve (1 x 5 x 10* LDsryml of type A toxin). 



se against detoxified botulinum 



Antibodies n 
have been used ui 
sample. A few of these serologic methods at 



toxin specific to a single serotype 




cells that are 



hemagglutination uses an 

cells (Gordon et al.. ,958; Johnson etaL, 1966; Sakaguchi et al.. 1974). The assay is 
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sensitized sheep ted blood cells in a 
agglutination of the blood cells. It has been reported that the sensitivity of the reversed- 
passive hemagglutination assay using polyclonal IgG antibodies purified by affinity 
chromatography and conjugated to sheep red blood cells was as low as 8-10 LDsc/ml for 
types A and B toxins (Sakaguchi et aL. 1974). The method of re versed-passive 
hemagglutination suffers from some of the following problems that are not uncommon to 
other antibody based Botulinum toxin assays: 1) the assay does not distinguish between 
biologically active toxin and inactive toxin; 2) cross-reaction is seen between different 
serotypes presumably due to the quality of the coupled antibodies; and 3) 
hemagglutination is a characteristic of some of the botulinal toxin complex proteins, 
specifically A, B. and F. and m 
being tested. 



Immunodiffusion 

Immunodiffusion has been used to detect botulinal toxins in a manner analogous to 
the Ouchterlony assay (Crowle. 1958; Wadswonh, 1957) whereby toxin and antitoxin 
specific for a given serotype of toxin are allowed to diffuse toward each other through agar 
or agarose. At the point at which the two preparations converge, a visible line of 
immunoprecipitate is formed (VerrnQyea el aL, 1968). There are variations on the 
technique using microscope slides (Vermilyea et al., 1968) as well as capillary pipets 
partially filled with antitoxin mixed with agar (Mesirandrea. 1974). This method suffers 
from a lack of sensitivity (on the order of 300-500 LD50/ml) as well as not being able to 
distinguish between active and inactive toxin. 
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presence of antibodies that react to epitopes common to more than one serotype of toxin or 
to epitopes common to non-toxic complex proteins that contaminated the toxoid (Somers 
and DasGupta, 1991). There are numerous regions of homology that are conserved 
between the individual serotypes of toxin (Niemann. 1991; Whelanetal., l992;Tsuzukiet 
ah, 1988). The solution to the first difficulty, namely, contamination of the toxin antigen 
with non-toxic proteins from the complex can not be avoided entirely. However, 
neurotoxin preparations for use in antibody production can be made that are purified to the 
extent allowed by modem chromatography. The difficulty arising from the presence of a 
subpopulation of antibodies reacting to conserved regions of different toxin serotypes in a 
polyclonal pool has been addressed by the use of monoclonal antibodies (Kozaki et al. 
1986; Gibson et al., 1988; Ferreira et al.. 1990). An additional difficulty in the use of 
EUSAs for detection of botulinum toxin is the fact that the detection levels for most of the 
assays are in the range of 20- 10.000 LD5f/rol (Notermans et al.. 1978; Modi et al. 1987; 
Goodnough et al.. 1993; Gibson et al, 1988). A method using snake venom as part of an 
amplification system to detect botulinum toxins has recently been published that claims to 
be as sensitive as the mouse bioassay delecting ca. 10 pg of neurotoxin (Doelgast et al., 
1993). 

Others. 

The polymerase chain reaction (Saiki et al, 1988) has been successfully used for 
detection of Clostridium botulinum in culture media (Szabo et al.. 1992). This method 
used a set of primers specific for the type B toxin gene. The method detected as few as 100 
fg of the target DNA (ca. 35 cells). The major drawback to this method is the fact that it 
can not distinguish between the organism and ihe etiologic agent, the toxin. The organism 
may be present without producing toxin as in the case of the dormant endospores. Its 
sensitivity is likely to be less in foods. 
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solutes, the shelf temperature, and on the presence of particulate material to serve as ice 
nucleation sites. The degree of supercooling determines the size of the crystals and 
therefore is intimately associated with the structure of the freeze-dried product The higher 
the supercooling, the smaller the ice crystals and the smaller the pores in the amorphous 
solute matrix. Smaller pores have a larger surface area than larger pores and so facilitate 
both primary and secondary drying. 

. Primary drying is a process of mass transfer from the frozen vials to the condenser 
of thefreeze-drier. For sublimation of each gram of ice, ca. 1,000 liters of water vapor 
passes through the partially drkd cake of material in each vial (Pikal. 1990). The rate of 
sublimation is dependent on the difference in pressure between the water vapor in the 
frozen product and the condenser of the chamber. The resistance to collection of the water 
vapor is dependent on vial size and shape, stopper configuration, and resistance across the 
partially dried cake. The first two can easily be controlled while the resistance to water 
vapor escape through the dried product can be controlled by the freezing process and the 
degree of supercooling of the solutinn. Temperature of the material is slowly raised during 
primary drying which also contributes to the rate of sublimation. Primary drying ends 
when all of the ice in the vials has been removed. The partial pressure of water vapor 
present in the drying chamber is nearly equal to the total during primary drying but drops 
sharply at the end of primary drying. 

Secondary drying begins after the ice in the vials has been removed and continues 
until the final percent moisture levels have been reached. For non-protein systems this 
level may be less than 1% while protein products typically contain up to4% water. This 
difference is primarily due to the differences in formulation with protein products using 
higher levels of cryoproiectanis such as carbohydrates which have high levels of water of 
hydration (Franks, 1990). 
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geltin ^nZTbT^ lndUdC deXtra "* p0lyvinyl Py iroKdone - polyethylene glycol, ficoH, 
and mannitol. The addition of inert proteins to a formulation containing phaimaceuticaT 
proteins of interest has been shown to stabilize the active moiety in solution and during 
■yoplulizationfSchanu, 1964; Schanu and Kautter. 1978; Goodnough and Lso7 
1992). However, the material usually has a relatively low shelf-stable temperature. In the 
case of botuiinum toxin, the storage temperature for the comra ial rod 
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u^halose stabilize ptotein molecules is unknown. One possibility is that by raismg the 
glass transition temperature of the freeze-dried material, the storage temperature of the 
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replacing the water molecules that are involved in maintaining the tertiary structure of the 
molecule during lyophilization. Such an idea is termed the water replacement hypothesis 
and was proposed by Saenger (1989) and Oiling et al (1991). Others (Levine and Slade. 
1S38; Franks et al. 1991) have argued that the tendency for carbohydrates to form glassy 
states does not allow the molecular movement needed for the protein of interest to undergo 
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Neurotoxin produced by colonies ofQoj&idjiim. botulinum types A, B, E and 
toxigenic Clostridium butyriqim bound to nitrocellulose was delected by an enzyme-linked 
immunoassay procedure. The procedure used serotype specific rabbit IgG as the primary 
antibody and goat antirabbit IgG antiserum labeUed with alkaline phosphatase as the marker 
to visualize immobilized neurotoxin from individual colonies. The method differentiated 
the colonies based on serotype of neurotoxin produced and by the amount of neurotoxin 
produced by individual colonies on the same agar plate. Specificity of primary antibodies 



The technique of using specific antibodies for the detection of immobilized proteins 
of interest has been described extensively since 1979 (Towbin, 1979). The mote common 
techniques involve transfer of proteins from poryacrylamide-gels to a solid support such as 

then probed with antibodies specific for the protein of interest. In contrast to this 
electroblotting technique, we have been using for sometime in our laboratory a colony- 
blotting procedure for the de t e ct ion, differentiation, and estimation of the varying toxin 
titers of the individual Clostridium botulinnm colonies of types A. B, and E as well as two 
toxigenic Clostridium butvricnm strains. The method uses alkaline phosphatase as the 
enzyme marker (Mason, 1978) and nitrocellulose as the solid support 

The potential uses of this technique include the screening of various ingredients in 
food products to determine the Q. Botulinum spore load prior to formulation as well as the 
efficacy of the subsequent heat-treatment of food products. Temperature abuse as well as 
adequacy of the total anti-microbial system could be monitored by simply using selective 
media followed by blotting. The follow-up procedure must include a more sensitive toxin 
assay system such as the mouse bioassay. The colony-blouing technique could potentially 
find use in the screening of products which do not receive a heat treatment to determine if 
there are Q. Botulinum spores present and at what levels. The colony blotting assay has 
found use in our laboratory as a convenient method of screening large numbers of potential 
mutants for toxin production. 



Material* a nd Mtnl.^ 



Clostridia botulinnr^ ryp. a . 
.type B strains were Okra B. 



is 44 II and PA 3679 w 
type A and B blotting tests. TypeEC, fcaafinams, 
Iwanii£.\, 



Hail A. 73A, 90A., 109A. and 62A £ 
32B, 7949B, 113B. 2I3B, and 169B. 



1988a). These toxigenic 
Control. Atlanta, GE. 
Culture Collection and 
negative controls in the type E Wotting 



were Alaska E. 5545E, and 
were from the Food Research 
5839 and 5521 produce a 
(Gimenez and Sugiyama. 
were obtained from Dr. C. Hatheway. Centers for Disease 
19398 from the American Type 




* supports growth of all test st 



Colonies for the blotting tests were usually grown on TPGY agar (5% trypticase 
Pep-.BBI.O^tc-pe^ 
extract. Difco; 2.0% bacto-agar. Difco; pH 7.4) which s* 
In some cases, the three antibiotics of CBI agar (C, fa 
Ccycolserme. 250 mg/l. sulfamethoxazole. 7 

l^Uw^added^TPGY to make the medium sdecuve f 0rC . 
as well as some strains of type E 

Q. immkm colonies were sometimes grown on a m; 
1-0% glocose. 0.1% (NH4 )2S04i ^ ^ ^ ^ ^ , ^ ^ " 
5.7mM K2HPD4. 7.4mM KH2P04. 120mM NaHC0 3 . 34mM NaCl). 0.4% re 



; mg/I. trimethoprim. 4 mg/l) (Dezfulian et al 
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solution (250jlg/ml). 0.4% biotin (12.5p:g/inl). 0.1% thiaminc-HCl (lmg/ml), 0.05% 
cysteine-HCl. and 0.5% NaHC<>3). This GMBT medium is a modification of the GMB 
medium described in the VPI Anaerobe Manual. 4th edition (Holdeman, Cato, and Moore, 
eds.). 

Antiserum. 

. Antitoxins for type A. B. and E botulinum toxin serotypes were raised in rabbits. 
Type A toxin was purified by the method of Tse et aL (1982), type B toxin by the method 
of DasGutpa and Sugiyama (1976). and type E toxin by the method of Gimenez and 
Sugiyama (1987). These preparations were considered to be pure toxin samples since they 
showed only the approximate 150 kDa protein when electrophoresed in polyacrylamide 
gels without being treated with a disulfide reducing agent. When disulfide bonds were 
reduced with raercaptoeihanol (l%v/v) ordithiothreitol (0.5% w/v), the preparations 
showed the characteristic ca. 100 kDa heavy chain and the ca. 50 kDa light chain. 

The toxins were convened to toxoids by dialysis against 50 mM sodium phosphate 
buffer. pH 8.0 with 0.4% formalin for 14 days at 30°C. Most of the unreacted formalin 
was removed by dialyzing the toxoids against 65 mM sodium phosphate buffered saline 
(PBS), pH 7.4. The toxoids were homogenized in equal volumes of complete Freund's 
adjuvant (Difco Laboratories. Detroit. MI). The mixture was injected subcutaneously into 
rabbits in volumes containing 200-300 ug of toxoid. Each rabbit was then given a SC 
injection of ca. 100 jig of native toxin (ca. 10 7 mouse 50% lethal doses) on days 37. 38. 
39. 44. 45. 46. 5 1. 52. and 53. The rabbit was then bled by cardiac puncture on about day 
60. 

The serum (ca. 50 ml/rabbit) was dialyied against 20mM Tris-HCl. pH 8.5 and 
applied to a Sepharose CL4B-Protein A column (1.6cm x 22 cm) equilibrated in the same 
buffer at a rate of 30 ml/hr. After loading the crude serum, the column was washed with 5 



column volumes of the loading buffer folowed by a similar volume of 50 mM citrate/50 
mM NaCl, pH 7.0. IgG bound to Protein A was ehrted in a single protein peak when the 
buffer was changed to 50 mM citrate/50 mM NaCl, pH 3.0. The IgG fractions were 
pooled as soon as practical and the P H adjusted to ca. 7.0 with 1.0 M Tris-HCl, pH 9.0. 
The antitoxin was then dialyzed against 65 mM PBS. pH 7.4. and stored at 4°C in a final 
concentration of 25% glycerol. 



The type A, B, and E antitoxins were type specific in toxin neutralization tests so 
that type A antitoxin did not neutralize typeB or E toxin, type B antitoxin did not neutralize 
type A or E toxin, while type E antitoxin did not neutralize type A or B toxin. However, 
ih the type A and B antitoxin types did cross-react 

in serotypes difficult and unreliable using the immunoblotting 
procedure. This cross-reaction is most likely due to the presence of small amounts of non- 
toxic complex proteins including hemagglutinating proteins in the antigenic preparations. 
Some of these non-toxic proteins have epitopes common to all of the toxin serotypes 
(Soraers and DasGupta. 1992). In order to minimize these cross-reactions an adsorption 
te addition of whole cells and 
ns of the heterologous toxin types to the IgG antiserum 
preparations of type A and B. The type E antiserum preparation did not cross-react to the 
extent of the A and B antiserum and was not adsorbed. 

The strains used as adsorbants for type A antitoxin were £. hotulinnm strains 
1 13B. 213B. and Okra B. Type B antitoxin was adsorbed with C, missis strain 
4411.and £. fcoMimiDi Hall A. Toxin concentrates were the precipitate fonoed when 450 
ml of a 4 day TPGY culture was adjusted to pH 3.5 with IN HCL This was a modification 



of the method of Tse, et. al. (1982). The precipitate was collected by centrifugation and 
suspended in ca. 5 ml of 65mM PBS. pH 7.4. Cells for use in the adsorption procedure 
were grown seperately for 24 hr at 37°C in 50ml of TPGY broth, pH 7.4, collected by 1 
centrifugation, and washed three times with sterile 0.85% physiological saline. The 

in ca. 5 ml of 



After combining crude to 
international units (1 IU for types A and B = 10.000 mouse LD50; 1 IU for type E =1.000 
mouse LDso) of heterologous antiserum was added to ca. one-third of the total volume of 
adsorbant and allowed to react at room temperature for 30 min to 1 h. The mixture was 
then centrifuged at 1 2.100 x g for 20 min. The supernatant was readsorbed twice in the 
same fashion. After the final adsorption, the antiserum was dialyzed against 20mM Tris- 
Hd, pH 8.5. and reapplied to the Protein-A column. The column was then extensively 
washed with the loading buffer (30-50 column volumes) 10 remove the heterologous toxin 
present The adsorbed IgG fractions were then eluted as before with 50 mM citrate/50 uiM 
NaCl, pH 3.0. The resulting antiserum preparation had ca. 10-100X less cross-reactivity 



homologous toxin type yielding values from 90 to 400 lU/ml for types A and B and 340 



The procedure used here is a direct immunostaining procedure of immobilized 
proteins. The complete immunosandwich is depicted schematically in Figure 1. Plates 
with surface inoculated colonics were grown anaerobically £48 h. Colonies were 
reasonably well isolated with ca. 100 colonies/plate maximum to ensure no overlap of 
antigen as toxin diffuses away from the colonies through the agar medium. 
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Figure I. Schematic re; 
on nitrocellulose discs. 



ng of Clostridium hotnlinn^ colonies 



The immobile phase used to bind the neurotoxins was nitrocellulose (NC) from 
Bio-Rad Laboratories, Inc.. Richmond, CA. The NC came pre-cut into 82.5 mm diameter 
discs which were applied directly to the agar plates. The first NC disc was placed on top of 
the colonies by dragging the leading edge of the disc with forceps over the rim of the plate 
until the trailing edge dropped onto the plate. The NC became wetted slowly from the 
nailing edge toward the leading edge. This method of application ensured no air bubbles 
were trapped under the NC prohibiting contact with the plate and the colonies. The plate 
with the NC adhering to it was then inverted and held at room temperature for 2 h. The NC 
was removed from the plate by peeling it off in the reverse order of application. This NC 
disc could then be overlaid briefly onto a fresh plate and a replicate of the master plate made 
before the disc was blotted. This step required well dispersed colonies. A second disc 
could be overlaid onto the master plate at this time and the NC/plate incubated under (he 
same conditions. 

After removal from the master or duplicate plate, the colonies which adhered to Ihe 
NC were removed with a gentle stream of distilled water. The NC was then placed into a 
blocking solution to completely saturate the unbound protein binding sites on the disc The 
blocking solution consisted of 5% skim milk powder in TBS (10 mM Tris-HCl. 0.9% 
NaCI, 0.1% bovine serum albumin. pH 7.4) (Sigma Chemical Co.. Su Louis, MO). 
Alternatively, 5% bovine serum albumin in TBS was substituted. These incubations were 
done in petti dishes with gentle agitation for 1 h at room temperature. 

After 1 h incubation, die blocking solution was replaced with primary antiserum 
diluted with TBS + 1% bovine serum albumin, pH 7.4. Working concentrations of 
primary antiserum varied from one antiserum lot to the next. Optimum dilutions ranged 
from 0.8 IU/ml for some of the type A and B antisera to 10 ILVml for the type E antiserum. 
Total volume used in the primary incubation step was 10.0 ml for a total of ca, 8-10 IU for 



me type A and B blots and 100 IU for the type E blots. This incubation was carried o. 



At the end of the primary antiserum incubation, the solution was decanted and the 
blot washed with TBS + 0.09* Tween 20. P H 7.4. to remove excess unbound antibodies. 
Three 75 ml washes were carried out in a large, flat-bottomed, plastic, storage container 
(ca. volume 1500 ml) with agitation for 10 min each. At the end of the third wash, a brief 
(2 min) rinse was done with TBS to remove excess detergent 

NC discs were transferred to clean petri dishes containing 10.0 ml of secondary 
m (goat anti-rabbit IgG conjugated with alkaline phosphatase.: Boerhinger- 
n. Indianapolis. IN) diluted in TBS + 1% bovine serum albumin. P H 7.4. to a 
final concentration of 1:2000. The blots were irKubated with agitation at room temperature 
for I h and then washed as before in TBS + 0.05% Tween 20 and 0.05% SDS. pH 7.4. 
for 10 min each. A brief rinse (2 min) with TBS was done to remove detergent which 
might interfere with enzymatic activity. After washing, the enzyme substrates were added 
in a 100 ml volume of 1 M Tris-HCl, pH 9.5. Tire substrates used were 5.6 mM 5-bromo- 
4-chloro-3 indolylphosphate (BCIP) plus 4.8 mM ntaoblue tetrazolium (NET) (both from 
Sigma). NBT was first made soluble in ca. 10 ml of boiling 1 M Tris-HCl. pH 9.5, and 
then added to the remaining 90 ml of 1 M Tris-HCl, pH 9.5. BCIP was dissolved in 100 
III of dimcmylsulfoxide and then added to the 1 M Tris-HCl; pH 9.5. After mixing, the 
substrates were added to the biots in the wash container and the purple color allowed to 
develop until the background began to appear (usually within 2-5 min)! 

After full color development, the reaction was stopped by thoroughly rinsing the 
blots in distilled water and allowing mem to air dry in the dark. The collored complex is 



The entire process of colony blotting may be stopped prior to any of the at 
by simply holding the blot in TBS. Blotting may then be resumed the following day with 
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no change in sensitivity. Alternatively, prior to development, the Wots may be rinsed 
briefly in TBS and then forzen at -20°C for weeks to months without any change in 
reactivity. 

SDS-PAGE. 

Polyacrylamide gel electrophoresis was done using the Bio-Rad Protean II system 
(Bio-Rad-Laboratories, Richmond, CA). Linear 12.5* acrylamide gels were run at 20 
mA constant current at room temperature according to the discontinuous system of Laemmli 
(1970). 

SDS-PAGE gels of £ hotulinum toxin samples were transferred to polyvinylidene 
diflouride membranes (PVDF) (Millipore,Corp.. Bedford, MA) using the Bio-Rad Trans- 
blot Electrophovetic Transfer Cell. Transfers were made overnight at room temperature and 
30 mA constant current inlOmM CAPS (3-(cyctohexyIamino)propanesulfonic acid) 
(Sigma), 5% methanol, pH 10. following the procedure of Matsudaira (1987). Transferred 
proteins were visualized using the immunoblotting procedure described for colony blots. 
All incubations and washes were done in large flat-bottom (1500 ml) containers. 
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reacting antibodies from the type A and B 
culture of both toxin types in 10-25 jii voli 



ib procedure for removal of cross- 
* was effective, know, amounts of crude 
"ere spotted side-by-side onto NC and the 
d for colony blotting using the antisera in 



typically 10-IOOfold. Th«e dot-blots wem al 

co.ony-b.ottingprocedure. 11.^*,,*,^,^^^^^ 
wasmthentngeoflO^ Assutningaspecir.acdvity of SOLD^rortype A 
type A neurotoxin. 



reacted with type B 

Hgure 2 shows a 1 2% polyacrylam.de gel which has been seined with 0 1 % 



lanes 3 (unreduced) and 4 (reduced) contain 
6 (reduced) contain purified 
Figure 3 shows the c< 



type A complex, and lanes 5 (unreduced) and 
toxin. Each lane was loaded with 10-15 ug of protein. 

oblot from the gel depicted in figure 2; it 



was uevelor^af^teacdonwithad^rbedtypeAlgG. Lanes are numbered i„ the 
— order of those in figmc 2. Purified type B toxin Danes 1 and 2) is Mvc at 
type A complex (lanes 3 and 4) and purified type A toxin 
M> the unreduced and the reduced toxin but not with the 
—icp^insasso^ 



this protein concentration while 
(lanes 5 and 6) show, 



region of ca. 30kDa in both the reduced type A toxin samples which could be indicative of 
a breakdown fragment of the toxin molecule. 



1 2 3 4 5 6 



figure Z SDS-PAGE of Qflffi^fejaaji^ toxins . Lane 1, type A neurotoxin; lane 
2, type A toxin neurotoxin (reduced wtih 0.5% w/v dithiothreitol); lane 3, type A toxin 
complex; lane 4, type A toxin complex (reduced), lane 5, type B neurotoxin; lane 6, type B 
neurotoxin (reduced). Each lane was loaded with 10-15 ng of protein. 
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Figure 3. Immunoblot of proteins after eketrophoreUc transfer from the SDS-PAGE gel 
shown in Figure 2 using adsorbed type A IgG as primary antibody. Lane I (reduced) and 
lane 2 (unreduced) contain purified type B toxin, lane 3 (reduced) and lane 4 (unreduced) 
contain type A toxin complex. Jane 5 (reduced) and lane 6 (unreduced) contain purified type 
A toxin. Each lane of the original gel was loaded with 10-15 Jig of protein prior to 
electrophoresis and electrophoretic transfer. 



We found that of the three toxin types there were some strains which cross-reacted 
to a much greater extent than others. HaliAand 62A cross-reacted with the unadsorbed 
type B antiserum as did Okra B and 1 13B with the type A antiserum. The cross-reaction 
was not completely eliminated after adsorption as determined with the dot-blot procedure 
but was substantially reduced and did not interfere with the colony Wotting procedure. 
Colonies of £. spfjragetifis 441 1. PA 3679. andaC.letani strain did not react with any of 



'A typical type A colony reaction is shown in Figure 4. It shows that the toxin 
which has diffused away from the colony is still bound to the NC and was detected. 
Because of this it is possible to overlay a second disc and develop it under different 
ca a ^^ SS ^ pAaaiymSxmL This technique is shown in Figures 5, 6, 
and 7. Figure five shows the original plate which contained a 
predominantly type A toxin producing colonies. 1 

which produced type B toxin. The first disc overlaid on the plate was developed in type A 
specific antiserum (Figure 6) and the second disc in type B specific antiserum (Figure 7). 



Figure 4. Typical type A £ hotulinum toxin producing colony reaction on nitrocellulose 
using colony immunoblotting procedure. 



Figure 5. TPGY agar plate containing a mixed population of £ homlium type A and £. 
31 type B. The arrowheads indicate the type B colonies (from Goodnoughet aL. 



Figure 6. Colony immunoblot of mixed population of £. taulinum types A and B toxin 
producing colonies using antitype A IgG as primary antibody (from Goodnough et al., 
1993). 



Figure 7. Colony immunoblot of mixed population of £ tsMiwm types A and B 
producing colonies using antitype BIgGas primary antibody (from Goodnough et al 
1993). 



Diffusion of toxin through the culture medium is also demonstrated in Figures 8 
and 9. Figure 8 shows the size of the co-cultured £ hutvHcum strains 5839 (toxigenic) 
and 19398 (non-toxigenic) as grown on the minimal medium GMBT and the size of the 
reaction zone from the toxigenic strain (Figure 9). In all cases the plate and the Wot are 
mirror images of each other. In figure 9. the "negative" zones of non-toxigenic £L 
hutvricum 19398 can be seen as lighter spots in the much darker "positive" zones of the 
toxigenic strain 5839. Individual colonies from the original plates or from a duplicate plate 
cantheitbercisolated. 



I 



Figure 8. Mixed colonies of toxigenic £ hmiWZ (strain 5839) and nomoxigenic £ 
bsSmaiSS. (strain 19398) on GMBT minimal medium. 
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Figure9. Colony immunoblot using antitype E IgG as primary antibody. A mixed 
population of toxigenic £ hutyricum (strain 5839) and nontoxigenic £ hutyricum , (strain 
19398) was grown on GMBT minimal medium. The arrow indicates the position of a 
nontoxigenic £. hntvricum colony in the darker background of toxin which has diffused 
from a nearby toxingenic Q. hntvricum colony. 



Another us 



« rf »*^p«^bitaac«,dhd^i^ 4WHiler 

-dlow-ntercoloniesonthesameagarplau, Figure ,0shows ab.o.ofco.oniesofC 
which gave the darker reaction. * 



Figure 10. Colony immunoblot of £. fromlinum type B (strain 7949) town producing 
colonies. The lighter reacting colony indicated by the arrow produced ca. ten-fold less 
toxin when isolated, grown in broth culture, and tested in the mouse bioassay (from 
Goodnotighetal.. 1993). 
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of toxin fonnation using the colony blotting approach which is much easier than screening 
individual colonies for toxin titer. 
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CHAPTER IV 



of <ype A Clost ridium botalinnm toxin complex during 
purification 




Purified type A Clostridium hofulinum neurotoxin is imrf fnr thi» tiyatmont nf 
spastic muscle disorders due to the fact that it causes a flaccid paralysis in specific muscle 
groups when very dilute solutions of the toxin are injected. The toxin for medical use is 
produced by the Hall A strain as part of a complex of at least six other proteins and is 
purified by a series of precipitations and crystallizations. In this study the toxin complex 
was examined at each step in the purification for total toxicity, percent solids, optical 
density at 260 and 278 nm. specific toxicity, and for the presence of ribonucleic acids. The 
results show that the procedure is variable and dependent to a large degree on the individual 
components making up the growth medium indicating that nutrition and regulation affect 
toxin quality. RNA associated with the purified toxin complex was found at a level of 




were not present 
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a heterologous group of gram positive, obligately - 
e. endospore forming rod-shaped organisms that have in common the production 
of a characteristic proteinaceous neurotoxin. There am currently seven known serotypes 
of neurotoxins (A, B. C,, D. E, F. and G). These neurotoxins are most commonly known 
as being the cause of the food borne intoxication botulism (Sugiyama and Sofos, 1988). 



). The 

in is such that it binds to the presynaptic junction of motor 
i This lack of signal 

to the particular muscle group innervated by the neuron causes a flaccid paralysis. Death 
m on muscles of the respiratory system including the 



is (ng/ml) is currently used 
kovic and Bra, 1991; 
Savino and Mans. 1991). Target muscle groups are injected directly causing a, 
paralysis and denervation (Borodic « al.. 1991). A si 
approved by the U.S. 
strabismus, blepharospasm, and hemifacial spasm in December of 1989 (Schantz and 
Johnson, 1992). This particular batch was produced by the Hall A strain of £. fcoMman 
in a simplified culture medium consisting of casein hydrolysate. yeast extract, and glucose. 

Production of type A toxin by the Hall strain in a simplified growth medium was 
first elucidated by Uwis ami Hill (1947). The purpose of their research was to establish 
that the organism could produce toxin tilers in the range of 5 x lfAl x 106 mouse lethal 
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doses/ml of culture in such a medium. This research was pursued due to difficulties in 
World War II in obtaining the necessary ingredients for the infusion broth of Wagner et aL 
(1925) and Dack and Wood (1928). Type A toxin production in the medium of Lewis and 
Hill (1947) was sufficient to enable crystallization of the toxin for the first time by Lam anna 
et aL (1946). A similar medium was developed by Nigg et al. (1947) for preparation of a 
type A toxoid in which no allergenic substances wens desired. 

. In this study, three batches of crystalline type A toxin were purified using a 
modification of the method of Duff et al. (1957). The three batches were characterized at 
each step in the purification procedure for toxicity, % solids, absorbance values at 260 and 
278 nm, and toxin yield. The proteins present after each step were analyzed by SDS- 
PAGE to assess purity of the toxin complex. One batch of toxin was selected for further 
analysis with regard to RNA content of the toxin al various steps in the purification 
process. Toxin production and recovery was variable with different individual peptones in 
the medium indicating that nutrition affected toxin quality. 



Materials a nd Method 
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TteHaHAstrainoftypeAOea^ 

as selected because of the high toxin titers it produces as well 




for high 

in" titers by Dr. a J. Schantz and coworkers a, For, Detnck. MD. Stock cultures of £. 

* ^ » 15 ml Hungate tubes containing 10 ml of 
m + 0.3% dextrose {CMM; Difco Laboratories. Detroit MI) under an 
anaerobkam K ^ ( ^ Nil0 ^ mH ^ tt37 ^ fwMhMd ^ M ^ 

until use. CMM cultures of the Hall A strain routinely gave toxin titers in excess of 10<S 
al LDx/ml (LD^ml) in4Sh. 
Cultures for toxin purification w 



in either 12 or 15 liter volumes 
of 2.0% trypticase peptone (BBL, Cockeysville, MD), 0.75% bacto-peptone (Difco 
Laboratories, Detroit MI). 1.0% yeast extract (Difco). 0.5% glucose. P H 7.4. in glass 
carboys of 15 or20 liters at 37^ maso ^ 

days). Alternatively, some cultures were grown in 1-2 liter of 2.0% casein hydrdysate 
Id Inc.. Norwich. NY). 1.0% yeast extract (Difco). 0.5% glucose, pH 7.4. i„ 
a 50% solution and aseptically 




Type A toxin complex was purified in the manner approved by the U. S. Food and 
DrugAdrninis^on which « a modification of the memod of Duff etal. (1957). TT« 



casein hydrolysate medium at 37°C At this time thepH of the erode culture was lowered 
to pH 3.4 with 3N H2SO4 and soiling. The toxin as well as many other proteins as well as 
cellular debris in the culture form large floes and precipitate under these conditions and ' 
settle to the bottom. The precipitated material containing the toxin is termed the first acid 
mud. Toxin at this point is stable for years when stored at 4°C. The precipitated material 

id to further settle 
mat (4.100 x 

g for 20 rain at 5-10°C) and washed once with dHjO. The first acid precipitate was then 
homogenized in dH 2 0 and the volume brought to 925ml. The toxin was extracted by the 
addition of CaCl 2 to a final concentration of 75mM (75ml of a 1.0M CaCl 2 solution) and 
raising the pH to 6-5-6.8 with IN NaOH. The extraction was continuously stirred at room 
temperature for 2-4 h at which time the extracted toxin was separated from the cellular 
debris by centrifugation at 16,000 x g for 20 min at 5-lOt. The toxin was then 
iramediately reprecipitaied by lowering the pH to 3.7 with 1NHCL This is termed the 
second acid precipitation and is generally allowed to settle overnight at 4°C Precipitated 
material containing the toxin was collected from this second acid mud by centrifugation 
(16,000 x g for 20 min at 5-10°CX Toxin was reextracied with constant stirring in 150ml 
of 50mM sodium phosphate. pH 6.8. for 2-4 h at room temperature. The extracted toxin 

10°Q and the volume of the toxin extract made up to 150ml with 50mM sodium phosphate, 
pH 6.8. The toxin extract was then cooled to 0-2°C in a glycerolrethanokrfeO constant 
temperature bath. Alternatively, this cooling step may be done directly in a refrigerated 
centrifuge. When the toxin cooled to below 2-3°C. 65ml of 50% ethanol (precooled to 
-■XfC) was slowly added with stirring over a period of 30-45 min taking care not to let the 
temperature rise above 2-3°C. The toxin was then cooled to -5°C and allowed to stand 
overnight under these conditions. Ethanol precipitated toxin was recovered by 



centrifugation (1 6.000 x g for 20 min at -5°C) and the supernatant discarded. A small 
quantity (ca. 25 ml) of 50 raM sodium phosphate. pH 6.8. chilled to ca. 0°C was 
immediately added to dilute (he residua! ethanol and the pellet gently homogenized in a 
fuithervolumeof50mlof50mM S odiamphosphate,pH6.8. Toxin was gently 
dissolved in a final volume of 75 mi of 50mM sodium phosphate. pH 6.8. at room 
temperature for 1-2 h. The solution was clarified by centrifugation (12.000 x g for 20 min 
at 5-KFC) and the final volume made to 75 ml with 50 mM sodium phosphate. pH 6.8. 

(NH4)SO " ™ A continuous stirring. The toxin crystallized in 1-4 days at 4°C at which time 
the crystals were collected by centrifugation (12.000 x g for 20 min at 5- 10°C). Crystalline 
toxin was dissolved in ca. 50 ml of 50 mM sodium phosphate. pH 6.8. clarified by 
centrifugation (121000 x g for 20 min at 5-10°Q. and the volume brought to 75 ml with 
50mM sodium phosphate. pH 6.8. The toxin was crystallized a second time in the same 
fashion by addition of 20 ml of 4M (NH^SO, and incubating at 4«C In some cases a third 
performed by the sa 



Toxicity of various preparations were estimated using 18-22g female. ICR strain 
mice and the intravenous method of Boroff and Fleck (1966). The time-to-deaih method is 
converted to intraperitoneal LD^l using the standard curve shown in Figure I. Toxin 
concentrations are adjusted in order that the time-to-death values lie in the linear portion of 
the curve (30-70 min). In most assays three mice are injected and an average time-to-dcath 
value calculated. In some cases five mice are used and the average time-to-death calculated. 
Where appropriate, toxin titers were further determined using the standardized dilution to 



extinction method of Schantz and Kauoer (1978). 




Figure 1. Clostridium botulinum type A toxin (3X crystallized) time-to-death standard 
curve. 



Whole culmre sample Samples obtained from one 15 liter batch of £ botnlimim 
Hall A were taken at various time points during the incubation of the culture and at steps in 
the toxin purification procedure. Samples taken during the incubation of the culture had 
dithiothreitol (Boehringer-Mannhet'm Corp.. Indianapolis, IN) added to a final 
concentration of ImM; EDTA (Sigma Chemical Co., St Louis, MO) added to a final 
concentration of ImM, and RNase inhibitor (Boehringer-Mannheim) added at a level of 50 
units7mL [All solutions, buffets, and glassware were made in diethyl pyrocarbonate 
(DEPQ treated dH 2 0 (0.1% DEPC (Sigma) in dH 2 0, incubated h. then autoclaved) 
unless otherwise noted). These samples were then frozen at -20°C until extracted. 
Extraction of RNA was done by adding 100 ug/ml of lysozyme (Sigma) to the thawed and 
mixed samples and incubating for 15 min at 37<C. Sodium dodecylsulfale (SDS) (0.5% 
w/v) and Proteinase K (Pro K) (lOOyg/ml) (Bethesda Research Laboratories. 
Gaithersburg, MD) were added and the mixture incubated at 50°C for 1 h. One tenth 
volume of 3 M sodium acetate (Sigma) was added and the solution transferred to DEPC- 
treated centrifuge tubes. The solution was extracted once with an equal volume of 65°C 
TBE equilibrated phenol (TBE= 45mM Tris-HO, 45mM sodium borate, ImM sodium 
ethylene diamine tetraacetate, pH 8.0. Sambraok et al.. 1989) by vonexing for 10 sec and 
cooling on ice. The aqueous phase was transferred to new centrifuge tubes after 
centrifuging at 1 2,000 x g for 20 min at 4°C and an equal volume of isopropanol added. 
Tubes were stored overnight at -20°C. Faint pellets visible after centrifugation at 12,000 x 
g for 60 min at 4°C were dissolved in 300 (il of dH 2 0 containing 50 units of RNase 
inhibitor and 35 units of DNase I (BRL). Following incubation at room temperature for 
1.5 h three volumes of 4 M ammonium acetate, pH 4 _5, were added and the mixture held 
on ice for 1 h. The pellets recovered by centrifugation at 12.000 x g for 30 min at room 
temperature were dissolved in 50 nl of cIHjO and ^precipitated by adding one-tenth 



volume of sodium acetate, pH 4.5. 2.5 volumes 95% ethanol, and wee stored overnight at 
-20°C Following a wash with 70% ethanol. the pellets were dissolved in 100 uj dH 2 0 
and extracted once with 1:1 phenol:CHCl 3 followed by a single CHClj extraction. The 1 
RNA was precipitated with one-tenth volume of sodium acetate. pH 4.5, and 2.5 volumes 
95% ethanol and incubated at -20^C for 2 h. The resulting pellets were dissolved in 50 (il 
of IX TBE and quantitated by absorbance at 260nm assuming an absorbance of 1.0 = a 40 
Hg/ml solution of RNA. 



similar fashion with the following exceptions; after Pro K digestion. 65°C phenol 
extraction, and isopropanol precipitation, the pellet was dissolved and the aqueous phase 
extracted with 1:1 phenol:CHa 3 until do interface was visible (usually 2^ times). The 
aqueous phase was then extracted once with CHC1 3 . Samples from the first and second 
crystallizations were not treated with lysozyme. 



SDS-gelelectmphn^i. 

Electrophoresis was performed using a Pharmacia Phast System (Pharmacia LKB 
Biotechnology. Piscataway, NY) and 12.5% linear pre-cast gels according to the 
manufacturers instructions. Sample buffer consisted of 75 mM Tris-HCl (Sigma). 5 M 
urea (Sigma), 5% SDS (Sigma) , and 20% glycerol (Sigma). pH 6.8. All samples were 
boiled for 5-10 min. Some samples were reduced by the addition of 0.5% dilhiothreitol. 
Bands were visualized by staining in 0.1% Coomassie brilliant blue R250 in 40% 
methanol. 20% acetic acid, detained in 25% methanol. 7.5% acetic acid followed by silver 
staining according to the procedure of Hammes (1990). 



Agarose gel electrnph^j.; 

RNA samples were electrophoresed in 0.9% agarose-formaldehyde gels at 80V 
(constant voltage) according to the procedure of Sambrook et al (1989). 




ang the method of Smith 
the standard. When working with purified 



Purification of type A toxin complex using the U. S. Food and Drug Administration 
approved method of Duff et aL (1957) is shown schematically in Figure 2. Representative 
samples were taken at the various steps for analysis including optical densities, % solids, 
% recovery, and specific toxicity. These results are summarized in Table 1. 

crystallization method of Duff et aL (1957) appears to be a variable process (Table I). 
Variation is introduced even before the seed culture is inoculated into the fermentation 
vessel; medium components play a very important role in the production and subsequent 
properties of the toxin. Using the same peptone from the same manufacturer but of a 
different lot had dramatic results on final yield of toxin (Table 2). 

It is generally possible to recover 10-20% of the starting titer using the method of 
Duff et aL (1957) which compares favorably with the value of 17% originally reported by 
them. The final yields expected based on the starting titers and the assumption that the 
toxin in the crude culture had a specific activity of 30 IDy/ng were: Batch 1. 13.7%; 
Batch 2, 1 1.4%; and Batch 3, 18.4%. Batch I had a yield of >25% of the starting toxicity 
after two crystallizations. However, the optical density (OD) ratio of 260/278nm was out 
of the accepted range of <0.6 recommended for high quality type A toxin complex for 
medical use (Schantz and Johnson, 1992). This necessitated a third crystallization in which 
another 12% of the toxin was lost. Recovery of toxin from one step to the next in the 
purification scheme was another source of variation. The acid precipitation steps at the 
outset were about 90% effective in recovering the toxin from solution. Toxin can be lost 
when extraction of the acid precipitates is incomplete, however, some losses are acceptable 
in the interest of time and simplicity. Repeated extractions of the acid mud can recover a 



12-16 liter culture 
incubated 5-7 days, 37°C 
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Figure 2. Clostridium frotylinnm type A crystalline toxin purification scheme. 
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Table 2. Toxin production by (Mdi^Jafclu^ Hall A after 7 days in v, 
casein hydrolysales and recovery following acid precipitation.* 



Toxin tiler pH after Titer after 

aftcr7 ^ 2 2tas lowering,,, ^3 



TTlot#9NC29 


1.36 


xl()6 


5.76 


6.0 x 10 4 


TTloi#lNBOS 


1.16 


xlO« 


5.89 


1.9x105 


TTlot#0NL30 


8.8 x 


105 


5.85 


1.8 x 10* 


Blot#0ND05A 


9.6 x 


105 


5.73 


2.2x105 


Bloo»2ND20 


1.5 x 


106 


5.53 


6.8x105 


EKClo#lND10A 


1.6 x 


106 


5.53 


<4xI0* 


EKClot#0NK19 


1.16 xlO* 


5.88 


2.1x105 


EKCIot#lNK18 


6.4 x 


105 


5.87 


<8xl03 


AIot#IND01V 


9.6 x 


105 


5.78 


1.1 x 105 



95.6 
83.6 
79.5 
77.0 
54.7 



♦Medium consisted of 1 liter of 2.0% 

glucose. pH 7.4. 
'All peptones were obtained from She 
^Toxicity was estimated using the intraveneo 
Toxicity of supematams was determined after acidificati, 

allowing precipitate to settle for 24 h. 
4 % precipitated = starting t 



hydrolysate, 1.0% yeast extract (Difco), 0.5% 

Laboratories. Inc., Norwich, NY_ 
»d of Boroft- and Fleck (I9l 
fication with 3N HCI to pH 3.4 and 



titer X 100. 
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higher percentage of the toxin (data not shown). Crystallization of the type A toxin 
complex results in losses due to the fact that not all of the toxin present associates into 
crystalline form (Sugiyama et al., 1977). A scanning electron micrograph of crystalline 
type A toxin complex is shown in figure 3. Losses of toxin from one crystallization to the 
next are generally on the order of one-third to one-half of the total. In this study losses 
ranged from 32-65% of the total amount of toxin present from one crystallization to the 
next The benefit gained from additional crystallizations is usually a decrease in the 
absorbance ratio (260/278nm) and generally an increase in specific toxicity. However, 
decreases in specific activity are not uncommon presumably due to increased handling of 
the toxin. 

Specific activity of the final product is extremely important in pharmaceutical 
formulations. The higher the specific activity the fewer the number of nanograms required 
in a given vial since each vial (for sale in the U. S.) contains 100 LD50- Decreasing the 
quantity of toxin injected is desirable since there are currently patients who are producing 
neutralizing antibodies to the toxin (Janfcovic and Schwartz, 1991). From Table 1 it can be 
seen that final specific toxicities were variable. Average specific toxicities for these toxin 
batches as well as subsequent batches not described were in the range of 18-28 LDs/hg. 
These toxicities are somewhat lower than those which can be routinely obtained using 
chromatographic purification methods, in which the specific activity of the toxin is usually 
in excess of 30 LDsofag of toxin complex (Sugiyama et aL, 1977). 

SDS-PACE analysis of mxin «m p )»>c 

Samples taken at the various stages of type A toxin purification shown in Figure 2 
were examined using reducing and non-reducing sodium-dodecylsulfate gel 
electrophoresis. The results are shown in Figures 4-7. The final crystallizations of the 
three batches are compared side-by-side in Figure 8. 




Figure 3. Scanning electron micro; 
The crystal was ca. 6 (im in length. 



: type A toxin magnified 10.000X. 



Figure 4. SDS-PAGE of whole culture and fust acid precipitation samples taken during 
purification of £ bonilinqm type A toxin complex, batch 2. Lanes 1 and 6, molecular 
weight markers (rabbit myosin- 205 kDa, 6-galactosidase- 1 18kDa. £ £oJi phosphorylase 
b- 94 kDa. bovine serum albumin- 66 kDa, ovalbumin- 45 kDa, and bovine erythrocyte 
carbonic anhydrase- 29 kDa) (Sigma), 4-5 fig protein total Lane 2. 5 day whole culture 
(unreduced); lane 3. 5 day whole culture (reduced with 0.5% w/v tfithiothreitol); lane 4, 
extract of first acid precipitate (unreduced); lane 5. extract of first acid precipitate (reduced), 
4-6 fig protein each lane. 
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Figure 6. SDS-PAGE of pellet from ethanol precipitation and first crystallization taken 
during purification of £. botulinum type A toxin complex, batch 2. Lanes 1 and 6, 
molecular weight markers (rabbit myosin- 205 kDa, B-galactosidase- 118kDa,E.£oJi 
phosphorylase b- 94 kDa, bovine serum albumin- 66 kDa, ovalbumin- 45 kDa, and bovine 
erythrocyte carbonic anhydrase- 29 kDa) (Sigma), 4-5 jig protein total. Lane 2, pellet from 
ethanol precipitation (unreduced); lane 3, extract from pellet of ethanol precipitation 
(reduced with 0.5% w/v dithiothreitol); lane 4. IX crystallized toxin complex (unreduced); 
lane 5, IX crystallized toxin complex (reduced), 4-6 pig protein each lane. 



Figure 7. SDS-PAGE of 2X crystallized toxin complex taken during purification of £ 
fceMDHDi type A toxin complex, bach 2 compared to type A toxin complex purified by the 
chromatographic method of Tse « al. (1982). Lane 1, 2X crystallized type A toxin 
complex (unreduced); lane 2. 2X crystallized type A toxin complex (reduced with 0.5% 
w/v dithiothreitol); lane 3, type A toxin complex purified by the method of Tse et aL ( 1982) 
(unreduced); lane 4. type A toxin complex purified by the method of Tse et aL (1982) 
(reduced). 4-6 (ig protein each lane. 



Figure 8. SDS-PAGE of toxin batches 1 (lanes 1, 2), 2 (lanes 3, 4), and 3 (lanes 5, i 
Samples in odd numbered lanes are unreduced, samples in even numbered lanes were 
reduced with 0.5% dithiothreiiol. 



The production of botulinum toxin 
component of lh epowhB ^ wM ^^^^^^^^ 
toxicity and recovery by acid predion was casein hydrorysate. Some of the differences 
observed in the batches of toxin shown (Table 1) were probably caused by the use of 
different lots of trypticase peptone. To furdu.r assess Aen.leof^nhydrolysate on 
toxin recovery. 4 different ^ ofcaseinhydrolysa^scomprosing 9 different lots were 
obtatnelEach casein hydrolysate was used in a medi„ m listing of^e^ 
hydrolysate, 1.0% yeas, extra*, and 0.5* glucose. pH 7.4. in a final volume ofWHters. 
These were inoculatod widta^rnlof the S ame24ho.dcultore of CfajtuliimmHaU A. 
IncubauonwascarriedoutstaticaUyforTdaysat which tiroes cultures were assayed for 
toxicityandacidifiedwiASNHacrablea). The range of final toxicides between 
different lots of the same peptone varied from 8.8 xlOMjo xIO* LDs/ml for NZ amine 
TT.6.4X105-1.6X lO^LD^JforNZ amine EKC.and9.6x 10M.5x ^LDs^ml 
fwra ™-B- ^on!y sample of^arnir*^ 

LD5f/mL High toxin titers were not attributable to final pH values following culture as 
hydrolysaes which produced toxin titers in excess of tO^m. had final pH values 
from 5.53-5.89 while «ose product less u^an ,06 LDStVm, had final pH values of 5 73- 
5.87. 

In addition to high toxin titer, 
toxin production 
is towered to 3.4 

«1 h after final acid addition). The casein hydrolysues varied in l^Z^IZ' 
toxmprea^af^cultonngcrablea). For example. NZ amine B lo# 2ND20 gave 
^highest toxin ^amongthehydro,ysa tote ^ bulals0 g awmelo ^ trettveiyof 



toxin following acidification. The opposite - 



was also observed: NZ amine EKC lot# 



INK18 gave more than 95% recovery but initially produced only 40% as much toxin as 
produced in the NZ amine B lot# 2ND20. These results clearly show that casein 




- ^ A * ""own «° be associated with type A botulinum toxin complex (Tse eL 
al, 1982; Schantz and Johnson. 1992). and we were interested in determining whether 
specific classes of RNA were bound to the complex and carried through the protein 
purification. RNA was extracted from cultures of Q. botulinum Hall A at different time 
points during incubation (Table 3). The extraction procedure recovered RNA which was 
analyzed on a 0.9% agarose-formaldehyde gel according to the procedure of Sambrook et 
al. (1989). The analysis showed 2-3 prominent bands presumably representative of 
ribosomal RNA (Rgure 9. lanes 3-6). As the culture aged, the quantity of lower molecular 
weight species increased (Figure 9. lanes 5. 6). As the culture grew from early exponential 
phase to stationary phase (8 h-24 h). the amount of RNA also increased (Table 3). As the 
cells began to lyse at around 24-48 h, the amount of RNA dropped from a maximum of 
106.6 tig RNA/ml of culture to a low of 10.6 |ig/ml. RNA degrading enzymes are 
abundant in bacteria and the concentration of RNA in the culture medium should decrease 
following lysis. 

One batch of toxin (batch 3) was assayed at various points in the purification 
procedure for RNA which might be associated with the toxin complex (Table 4). The 
amount of RNA associated with the toxin complex dropped during the purification. 
Approximately 3.4 ug of RNA/mg of toxin complex was detected in the 2X crystallized 
material or ca. 0.3% RNA/mg toxin. RNA was present as low molecular weight species 




' of toxin and that more work is' 



and none of the fragments were larger than ca. 800 bases with most less than 300 bases 
(Figure 10, lanes 1-7). 
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Table 3. Quantities ofRNA extracted from Clostridium botulinum Hall A whole culture 



Sample up RNA/ml culture 
8h 49.6 
24 h 106.6 
48 h 25.5 
120 h 10.6 



Table 4. Quantities of RNA extracted from toxin 
purification of crystalline type A toxin, batch 3. 



2nd acid ppt 57 6 2 10 

aOHppt/snpr 292 L62 

EtOHpptfpen i 6 9 3 g3 

IXcrysi/strpr 44 3 . 88 

lXoystfpeU £8.8 3 .91 

2Xcryst 8 2 _ 3? 



HgRNA/ rano 
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Figure 9. 0.9% agarose-formaldehyde gel of RNA from whole culture of Clostridium 
Botulinum type A Hall strain. Lane 1, Hind IH digestion of lambda DNA. (23 kb, 9.4 fcb, 
6.6 kb. 23 kb. 2.0 kb. 0.56 kb); lane 2. blank, lane 3. RNA extract from 8 h culture of 
Hall A. lane 4. RNA extract from 24 h culture of Hall A, lane 5. RNA extract from 48 h 
culture of Hall A, lane 6, RNA extract from 1 20 h culture of Hall A, ca. I ug total each 
lane. 
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10. 0.9% agarose-forraaldehyde gel of RNA from puriBcation of toxin complex 
type A (Hall strain), batch 3. Lane 1. second acid precipitate; 



m (supernatant); lane 5. first crystallization (crystalline toxin); lane 6. second 
crystallization (supernatant); lane 7, second crystallization (crystalline toxin); lane 8, RNA 
extraction from 24 h culture Hall A; lane 9, RNA extraction from 120 h culture Hall A 
Lanes 1-9 were each loaded with ca. 2-3 ug RNA extract each. Lane 10, blank; lane II, 
BioRad low molecular weight RNA markers (1.6 kb, 1.0 kb, 0.6 kb. 0.4 kb, 0.3 kb), ca. 
1 Jtg total; lane 12, BioRad high molecular weight RNA markers (7.4 kb, 5.3 kb. 2.8 kb, 
15 kb, 1.6 kb), ca. 1 ug total. 
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Discussion 



The purification of type A botulinura toxin for medical use has been done by a 



coworkers. The precipitation method was used to produce the only batch of toxin licensed 
so far in the United States by the Food and Drug Administration and was made by Dr. a J. 
Schantz at the Food Research Institute in 1979 (Schantz and Johnson. 1992). This 
particular method was chosen in part because there would be no danger of other materials 
emting from columns and contaminating the final product and possibly causing allergic 
reactions (Schantz and Johnson, 1992). Currently, it is possible to avoid such difficulties 



conditions. Also, since stock suspensions of crystalline type A toxin can easily be kept at 
concentrations as high aslO-20 mg/ml. diluting the toxin to therapeutic doses (ca_ ltfX) 
would tend to dilute most contaminants to non-reactive levels. There are more efficient 
methods of purifying protein available today including various types of column 
chromatography (Tse et al., 1982; Woody and DasGupta, 1988). and these methods 
should be considered for isolating toxin with high specific toxicity. 

Different peptones (casein hydrolysates) were found in this study to affect 
production of type A toxin complex by the Hall A strain. The peptones were incorporated 
at 2.0% into a solution containing 1.0% yeast extract and 0.5% glucose. pH 7.4. There 
were significant differences between the various kinds of peptones as well as among lots of 
the same kind of peptone (Table 2). The mechanisms by which peptones affect toxin 
production and quality are not known. From the work done with £. tetani in the 1950's 
and 60's (Mueller and Miller. 1956; Latham et aL, 1962), it is possible that a given 
peptone contains eithera limiting peptide which limits the availability of an amino acid or 
that the peptone contains something which is inhibiting toxin formation. Recent work with 



series of precipitations and crystallizations originally elucidated in 1957 by Duff and 




i of the column, and running 



minimal media for £ basaSkWL has elucidated some of the requirements for toxin 
synthesis in group I (proteolytic) and group n (non-proteolytic ) strains (Leyer and 
Johnson. 1990; Patterson-Curtis and Johnson, 1989; Whitmerand Johnson. 1988). For 
Group I £ botulinum. it f, 
growth and toxin production. However, it 
arginine inhibited protease and toxin formation in both£ fc 
(Patterson-Curtis and Johnson. 1989). High levels of tryptophan were shown to inhibit 
the production of typeE botulinal toxin (Leyer and Johnson. 1990). Future work into the 



discrepancies observed between the various peptones. 

Careful handling of £ is 
recovery. The toxin is very susceptible to denaruration on the surface of air bubbles or 
sidewalk of the vessel due to agitation and in some instances temperature. There is usually 
some loss at each step in (he purification due to these factors 



method used. Maximizing the an 



regardless of the purification 
■d is dependent mainly on the 
quantity produced by £ fcaJiaum and the amount recovered in the first acid precipitation. 
The quantity of toxin produced is dependent on the lot of peptone used in the medium. The 
peptone composition also affects the floatation and sealing of toxin on acidification of the 
culture. Oneway around this problem of toxin staying suspended in the spent culture 
medium is centrifugation of the enure culture which is trivial if equipment such as 
continuous flow centrifuges are available but is very tedious and labor intensive if only 
standard centrifuges are present as cultures for bulk toxin production are typically 32-10 
liters in size. Duff et al. (1957) reported that toxin also precipitated poorly when stock 
cultures of £ MnujT, Hall A which had been stored at 4=C for an extended period of 
time and were subsequently used for toxin production. Cultures stored frozen at -20°C did 
re was physiological modification of the 



organism during refrigerated storage. The recovery of toxin on acidification appears to be 
related to the properties of the seed culture and also to the peptone composition. 

When type A toxin complex is purified using the method of Duffet al. (1957), it is 
possible to maximize recovery at a few key steps. The rate of acid addition in both of the 
acid precipitations, the first to the crude culture, and the second to the extract of the first 
acid precipitate, does not seem to have any effect on either yield or the specific activity of 



recovery of ca. 10-20% more toxin being recovered (data not shown). However, the 80- 
90% recovered in the first extraction is usually acceptable. The same results can be 
observed for the phosphate extraction of the second acid mud. The recovery at this step is 
lower (on the order of 60-70%). Subsequent reextraction of the pelleted material ran 
recover an additional 10-15% but is usually not done. 

Ethanol precipitation of the toxin is an extremely sensitive step in the purification. 
Toxin is denatured by ethanol at temperatures above ca. 2-3°C (England and Setter, 1990). 
Great care must be taken to ensure that the temperature stays low during the exothermic 
addition of the 50% ethanol solution and that mixing is rapid. Recently, we found that 
doubling the volume of the ethanol precipitation from 215 ml of chilled toxin extract to 430 
ml for large (>30 liter of crude culture) batches of toxin greatly increased the percent yield 
at this step. Two possible explanations for the ca. 5-8 fold increase in toxin recovered are 
that the ethanol as a precipitating agent was somehow limiting on the smaller scale or more 
likely that the larger volume of chilled toxin resists temperature fluctuation due to ethanol 
addition keeping the temperature low. Following the overnight -5°C incubation, the 
precipitated toxin is centrifuged from the ethanol solution and the ethanol decanted as 
rapidly as possible. Here, doing the ethanol precipitation step in the centrifuge itself means 
that the toxin does not have to be transferred from the precipitation vessel to a centrifuge 
bottle allowing the toxin to warm slightly. After the centrifugation step, the supernatant is 



decanted and the pellet immediately covered with 0°C SOmM sodium phosphate buffer, pH 
6.8, and homogenized with a glass rod. This step must be done quickly to ensure that 
residual ethanol present with the pellet is diluted to minimize denaturation of the toxin as the 
temperature rises. Toxin is unavoidably lost at this point due to surface denaturation from 
the mechanical stirring. 

Crystallization of the toxin complex is accomplished by the addition of 4M 
if ca. 0.8-0.9M. 1 



* precipitation (ca. >50% saturated 
te or 2.0 M). Presumably, the ammonium sulfate acts to reduce the ionic 




The loss of toxin from one crystallization to the next is substantial (on the order of 
one-third to one-half). In order to minimize the number of crystallizations needed to lower 
the 260/278 run absoibance ratio to the required 0.5-0.6 range and thereby reduce overall 
toxin loss, the crystallizations must be done slowly and allowed to go the completion. 
Addition of the 20 ml of 4 M ammonium sulfate to bring the solution to a final 0.84 M 
concentration should be dropwise with continuous stirring. The addition should take place 
over a period of ca. 30 min to ensure that the toxin is not precipitated due to ammonium 
sulfate concentration gradients forming. Incubation times of each crystallization are 
variable. The crystals usually begin to form overnight at 4°C and are visible as a clouding 
of the originally clear to slightly straw colored solution. The crystallization continues until 



the crystals themselves precipitate usually within 7- 14 days. Sugiyama et aL (1977) 
reported that complete crystallization was achieved in several months. After 7-14 days, the 
crystals (Figure 3) are separated from the mother liquor by centiifugation. The crystals are 
dissolved in 50roM sodium phosphate buffer, pH 6.8, and the absorbance ratio at 

from the original crystals will continue to form crystals even after >14 days incubation in 
the first crystallization although the process is slow. This indicates that the crystallization 
process is protein concentration dependent with the majority of the crystals forming 
relatively quickly and falling out of solution. As the concentration of toxin complex in 
solution decreases, the rate at which crystals form also decreases. 

Another explanation for the relatively poor recovery of toxin during crystallization 
using the modified method of Duff et aL (1957) was provided by Sugiyama et aL (1977). 
They propose that toxin complex which had been chromatographicaUy purified prior to 
crystallization had a higher percentage recovery possibly due to lower interference from 
trace amounts of contaminating proteins. Recovery following crystallization of type A 
toxin complex was significandy higher (80% versus 42%) in their study when the toxic 



The two-fold goal in examination of RNA extracted from samples taken during 
purification was to determine the amount of RNA present in the purified toxin and to 
examine the RNA present to see if one species of RNA, perhaps an mRNA corresponding 
to that of the toxin gene was present in crysialline toxin. It can be imagined that such an 
mRNA could bind to the toxin complex and be carried through the purification procedure. 
RNA extracted from samples taken during toxin purification was compared to that obtained 
from 24 h and 120 h whole cultures of £ hotulinum Hall A (Figure 9). Samples from 
whole cultures taken at 24 and 120 h showed large molecular weight bands of ca. 2.9 
kUobases (kb), IS kb. and 0.8 kb, along with smaller fragments of < 0.6 kb (Figure 9, 



lanes 9, 10). These bands are the approximate molecular weights indicative of 23S and 

lanes 2-8) showed mainly smears of <0.6 kb which are indicative of breakdown fragments 
of larger RNA molecules. The RNA purified from both the whole culture samples and'the 
samples taken during toxin purification was probed in a Northern blot using a DNA probe 
to the toxin gene. The probe bound non-specifically to molecular weight markers and 
slightly to the 2.9 kb and 1.5 kb bands of the 24 h and 1 20 h whole culture samples but not 
to the samples taken during protein purification. This result indicates that if the RNA 
associated with the toxin complex is a specific messenger it is not representative of toxin 
mRNA or that it is present in very low amounts. The RNA mat is associated with the 

>st likely rRNA that has been fragmented and associates non-specifically with 
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1 recovery of type A and B Clostridium botulimin, 
teurotoxins following lyophilization 



Modified from the publication in 
Applied and Environmental Microbiology 
Volume 58. pp. 3426-3428. 



Botulinal toxin is used in very small quantities medically for the treatment of spastic 
muscle disorders due to its ability to inhibit motor-neuron signals to muscle fibers causing a 
flaccid paralysis. Botulinal toxin must be lyophilized or fteeze-dried to allow for shipping 
and handling of the relatively delicate protein. Recovery of type A and B toxin activity 
following lyophilization was dependent on a number of factors. Conditions were found 
■hat gave >9Q% recovery of the toxicity following lyophilization of solutions containing 20- 
2,000 mouse 50% lethal doses. Recovery of toxicity following lyophilization of type A 
and B toxin complex as well as the purified ca. 150 kDa toxin molecules was obtained on 
drying 0. 1 ml when the pH was maintained below 7.0 and serum albumins or other protein 
excipienis were used as stabilizers in the absence of sodium chloride. Temperature stability 
of lyophilized type A toxin preparations was improved by addition of trehalose to the serum 
albumin system but not by addition of sucrose or mahotriose. 
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Clostridium botuljnurn is a heterogeneous group of gram- positive, anaerobic, 
endospore forming, rod-shaped organisms that have in common the characteristic that they 
produce one of the most potent proteinaceous neurotoxins known. The endospores of£ 
hPtuh'num are found worldwide in soils, marine, and freshwater environments. £ 
botuli n um * classified phenotypically and by the serotype of toxin produced. There are 
seven serotypes of toxin currently recognized (A. B. Ci, D. E. F. and G) (Simpson. 
198 1). The individual toxins synthesized by a given serotype are found present along with 
non-toxic proteins some of which have hemagglutinating properties (Sugiyaroa, 1980; 
Sakaguchi. 1983; Schantz and Johnson. 1992). There is some antigenic cross-reactivity 
between the non-toxic proteins. This indicates that there is some amino acid sequence 
homologies forming common three dimensional epitopes among the non-toxic proteins of 
the complexes (Somers and DasGupta. 1991). 

Neurotoxins produced by £ botulinum are large molecular weight proteins of ca. 
I50kDa(Sugiyama, 1980). Type A botulinal toxin is initially produced as a single peptide 
chain orprotoxin of 1295 amino acids in length (Binz, et al., 1990; Thompson et ah, 
1990). This protaxin must undergo post-translational proteolytic cleavage or nicking to 
achieve its characteristically high toxicity (Sugiyama et al.. 1973). The nicking event occurs 
about one-third of the distance from the N-terminus. This nicking event generates the 
dichain molecule comprised of the 50 kDa light chain and 100 kDa heavy chain. The 
individual chains are connected by one disulfide bridge. The neurotoxin molecule exerts its 

receptor on motor-neuron end plates. The light chain is internalized through a channel 
formed by the N-terminus half of the the bound heavy chain, and causes an inhibition of 
neurotransmitter release by a mechanism involving proteolytic cleavage of vesicle 
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associated membrane proteins (VAMPs) (Schiavo et aL. 1993). This lack of 
neurotransmitter signal across the synaptic junction to the muscle causes the flaccid 
paralysis seen in cases of botulism (Simpson, 1989). 

Type A neurotoxin produced by C botulinum is present as part of a complex of at 
least seven different noncovalently bound proteins (Somers and DasGupta, 1990). In 
culture media this toxin complex associates into dimers or trimers with a molecular weight 
of about 600 and 900 kDa, respectivsly (Tse et al., 1982; Habermann and Dreyer, 1986). 
The type A neurotoxin molecule has a molecular weight of 145 kDa (Gimenez and 
DasGupta. 1993) and in its fully active state consists of two separate peptide chains of 93 
and 52 kDa that are connected by a disulfide link between cysteine residues 430 and 454 
(Binz et aL. 1990; Thompson et al.. 1990). Type B toxin produced in culture is a mixture 
of two different size complexes. The larger or L complex has a molecular weight of ca_ 
500 kDa while the smaller or M complex is ca. 300-350 kDa (Kozaki et al.. 1974; 
Sakaguchi. 1983). In contrast to the type A Hall strain, proteolytic type B strains do not 
fully activate the neurotoxic protoxin molecule associated with both complexes 
consequently a significant proportion of the toxin in the complex is present in the protoxin 
form. In these studies the two different size type B toxin complexes were not separated. 

After some 23 years of development, a single batch of type A crystalline toxin 
complex was licensed by the Food and Drug Administration for medical use in the United 
States (Schantz and Johnson. 1992). This batch (#79-1 1) was produced at the University 
of Wisconsin-Madison, Food Research Institute in 1979 by Dr. E J. Schantz, and is 
currently used in the treatment of hyperactive muscle disorders and dystonias due to its 
mode of action (Borodic. 1991; Janko vie, 1991; Scott, 1989). Disorders approved for 
treatment in the United States include blepharospasm, strabismus, and hemifacial spasm. 
Other dystonias being treated with type A toxin complex on an investigational basis 
worldwide include torticollis, aberrant regeneration of the seventh facial nerve, myofacial 
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is (Borodic 1991). Treatment of patients involves injecting veiy 
small quantities (nanograms) of the toxin directly into affected muscle groups causing a 
regional decrease in muscle hyperactivity. High quality type A toxin complex for medical 
use has a specific toxicity of 3 x 10' mouse intraperitoneal 50% lethal doses per mg (LD50) 
(Schantz and Johnson, 1992). 

Botulinal toxin is very susceptible to denaturation due to surface denaturation, heat, 
and alkaline conditions. Lyophilization of botulinal toxin is the most economically sound 
and practical method of distributing the product in a form that is stable and readily used by 



up to 500 ng/ml of type A toxin complex in 5.0 mg/ml human serum albumin (HSA) with 
9.0 mg/ml sodium chloride atapHof7J. After dissolution. 0.1 ml is dried to obtain 100 
± 30 active U of toxin. 0.5 mg of HSA and 0.9 mg of sodium chloride per vial. This 
product has a saline concentration of 0.9 % when reconstituted in 1.0ml of drfeO. The 
current formulation gives considerable loss (up to 90 %) of activity during drying 
(Goodnough and Johnson, 1992) causing formation of inactive toxin that probably serves 
as a toxoid inciting antibody formation. In large dose applications, antibodies have been 
detected in patients that have become refractory to treatment (Greene, 1987; Borodic, 1991; 
Jankovic. 1991). 

One goal of our research has been to improve recovery of active toxin following 
lyophilization. This reduces the amount of toxin required to obtain 100 active LD50 per 
vial. This improvement would also reduce the amount of inactive toxin in each vial and 



patients. We have developed formulas which allow high recovery (>90%) of both type A 
and type B toxin complexes as well as purified type A and B neurotoxins. 

The current commercial product must be stored at a temperature of -10°C or less to 
maintain the labelled potency for the one year shelf life. The product would be 



considerably improved if conditions were developed that maintained shelf-stability at higher 
storage temperatures. This would facilitate more practical shipping and storage of the 
toxin. In this study, we have improved the freeze-drying formula of Goodnough and ' 
Johnson (1992) by adding carbohydrate excipients (chiefly trehalose) to increase the glass 



it should enhance the ten 



re stability and lessen the risk 



of loss in potency with con 



Hie Hall A strain of type A £. hcMisgm was used to produce crystalline type' A 
complex. This strain was originally obtained from Dr. J. H. Mueller at Harvard University 
and was further screened for high toxin titers at Fort Detrick. MD by Dr. E. J. Schantz and 
coworkers. This strain is routinely used for production of type A botulinum toxin due to 
bightdxin titers and the rapid onset of cell lysis (usually within 48 h). Type B toxin was 
produced from the proteolytic Okra B strain of C botulinum. This strain was obtained, 
from the Food Research Institute culture collection. ' 

Stock cultures of £. botulinum Hall A and Okra B were grown statically in 15 ml 
Hungate tubes containing 10 ml of cooked meat medium + 0.3 % dextrose (CMM, [Difco 
Laboratories. Detroit, MTJ) under an anaerobic atmosphere (80% N 2 . 10%CC>2. 10%m at 
37*C for 24 h and frozen at -20*C until use. CMM cultures of the Hall A strain give toxin 
titers in excess of 10* LD^m] in 48-72 h. CMM cultures of the Okra B strain give toxin 
titersin the range of 5-9 x IO* LDjofrol in 48-96 h. TypeBtoxin titers may be increased 
by trypsinization to increase the proportion of fully active nicked toxin molecules 
(DasGupta and Sugiyama, 1977). However, this procedure would necessitate the removal 
of trypsin and was not done in this study. 

For toxin production, cultures of Hall A and Okra B were grown statically in 12-15 
liter volumes of toxin production medium (TPM) consisting of 2.0% NZ TT (lot # 9NC29) 
casein hydrolysate (Sheffield Laboratories, Norwich. NY). 1.0% yeast extract (Difco), and 
0.5% dextrose, pH 73-7.4. for 5-7 days at 37'C. Cultures of Hall A and Okra B showed 
heavy growth in this medium during the first 24-48 h f ollowed by autolysis of the culture 
which was evident as a clearing and settling over the next 48-120 h. The Okra B strain did 
not produce toxin titers as high as Hall A nor did it lyse as rapidly or completely. 



Type A toxin complex nnrificatinn 

Type A toxin complex for use in drying studies was purified from culture broth 
using both the FDA-approved method involving precipitation and crystallization of the 
toxin complex (a modification of the method of Duff et »L, 1957; see Chapter IV, this 
thesis) and by a method using preparative column chromatography (a modification of the 
method of Tscetal, 1982). To prepare crystalline type A toxin, the 5-7 day culture was 
acidified with 3 N sulfuric acid to pH 3.4 and the resulting precipitate containing the toxin 
complex collected and extracted by adding CaCfc to a final concentration of 75 mM and 
raising the pH to 6.5-6.8. The extract was stirred for 2-4 h at room temperature and the 
toxin, now in solution, separated from the cellular debris by centrifugation (12.000 x g. 5- 
10°C, 20 min). The extracted toxin was reprecipilated by the addition of IN HQ to a final 
pH of 3.7 and collected by centrifugation (12,000 x g. 5-10°C. 20 min). The toxin pellet 
was dissolved in 50 mM sodium phosphate buffer. pH 6.8, clarified by centrifugation 
(12,000 x g, 5-10°C. 20 min) and the volume made to 150 ml with buffer. Extracted toxin 
was cooled to 0-2°C in a constant temperature bath and 65 ml of 50 % ethanol precooted to 
-20°C added (15% final concentration) slowly with stirring over 30 min. The ethanol 
precipitate was incubated overnight at -2 to -5°C. The toxin was collected by centrifugation 
in a refrigerated centrifuge (12.000 x g. -5°C 20 min) and the supernatant rapidly 
decanted. Residual ethanol was diluted by addition of 25-50 ml of 0°C 50 mM sodium 
phosphate buffer, pH 6.8. and the pellet gently homogenized with a glass rod. The toxin 
was dissolved to a final volume of 75 ml of the phosphate buffer, clarified by 
centrifugation (12.000 x g, 5-10<C. 20 min) and crystallized by the addition of 20 ml of 4 
M ammonium sulfate (ca. 0.9 M final concentration). Toxin crystals were allowed to form 
at 4°C for 7- 14 days. Crystals were collected by centrifugation (12,000 x g, 5-10°C, 20 
min), redissolved in 75 ml of 50 mM sodium phosphate buffer. pH 6.8. and recrystallized 
by adding 20 ml of 4 M ammonium sulfate. The type A crystalline toxin used for these 



studies was crystallized twice in the presence of 0.9 M ammonium sulfate and had a 
260/278 ™ Chance ratio of 0.53. The extinction coefficient for type A toxin complex 
is A 2 78 1.65 = 1 mg/ml (Knox etaL. 1970). 

Type A toxin complex was also purified chromatographically by the method of Tse 
et aL (1982). Extracts of the first acid precipitated material were dialyzed against 50 mM 
sodium citrate, pH 5.5, and chromatographed at room temperature on a 1 liter DEAE- 
Sephadex A-50 column (Sigma Chemical Co.. St. Louis, MO) equilibrated with the same 
buffer. Y 




from this protein peak which had a 260/278 
and precipitated by the addition of solid ; 



ratio of less than 0.6 were pooled 
to ca. 60% saturation (39 g/100 



TVDe A neurotoxin nurifirerinn 

Type A neurotoxin was purified from the associated non-toxic proteins of the 
complex by a modification of the method of Tse etaL (1982). Toxin complex recovered 
from the DEAE-Sephadex A50, pH 5.5 column was precipitated by addition of 39 g of 
solid ammonium sulfate/lOOraL The precipitated toxin complex was collected by 
centrifcgalion (12,000 x g, 5- 10°C. 20 min). dialyzed against 25 mM sodium phosphate. 
pH 7.9. and applied to a DEAE-Sephadex A50 column equilibrated with the same buffer. 
The binding capacity of this particular matrix under these conditions is 0.9 mg of 
complex/ml of swollen geL Various size columns were utilized by applying ca. 90% of the 
column binding capacity. Toxin was separated from the non-toxic proteins of the complex 
and eluted from the column with a linear OO^M sodium chloride gradient Toxin eluted 
from the column in the first peak and fractions which had 260/278 nm absorbance ratios 
<0.6 were pooled and precipitated by adding 39 g ammonium sulfate/ 100 mL Material 



recovered from the DEAE-Sephadex A50 column at pH 7.9 was further purified by 
chromatography on SP-Sephadex C50 at pH 7.0. Precipitated toxin from DEAE-Sephadex 
A50 columns at pH 7.9 was collected by centrifugation (12,000 x g, 5-10°C, 20 min) and 
dialyzed against 25 mM sodium phosphate. pH 7.0. The dialyzed toxin was applied to 25 
ml SP-Sephadex C50 in 25 mM sodium phosphate. pH 7.0. Contaminating material did 
not bind to the column under these conditions. The toxin was eluted with a linear 0-0.25 M 
sodium chloride gradient. 



Type B toxin complex was purified from crude culture fluid by a method involving 
the chromatographic procedure of Tse et al. (1982). Cultures of C- botulinum Okra B were 
acid precipitated to pH 3.4 using 3 N sulfuric acid. The acid mud was extracted once with 
75 mM CaCh and raising the pH to 6.5-6.8 analogous to purification of crystalline type A 
toxin. The clarified extracts were reptecipitated by lowering the pH to 3.7 with 1 N HCL 
The second acid mud was then extracted with 50 mM sodium citrate buffer, pH 5.5. and 
the clarified extract dialyzed against the same buffer. A mixture of Land M type B toxin 
complexes were isolated by chromatography on 1 liter volumes of DEAE-Sephadex A50 
equilibrated with 50 mM sodium citrate, pH 5.5. One-tenth the column volume or less was 
purified in a single passage with type B toxin complex eluting in the first column volume 
without a gradient Fractions which had 260/278 ran absorbance ratios <0.6 were pooled 
and precipitated by addition of 39 gamraomum sulfate/100 ml. The extinction coefficient 
used for type B toxin complex was Am 1.85 = 1 mg/ml (Beers and Reich, 1969). This 
pool represented type B toxin complex with a specific toxicity of 4.2 x 10? LDsofmg. 
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Type B neurotoxin was purified from the complex by a combined method involving 
the methods of Tse et aL (1982) and Moberg and Sugiyaraa (1978). Type B toxin complex 
in 25 mM sodium phosphate, pH 75. was applied to DEAE-Sephadex A50 (SigmaJ • 
equilibrated with the same buffer. Partially purified type B neurotoxin was eluted from this 
column with a 0-0.5 M sodium chloride gradient. Type B toxin fractions which had 

ne pooled and precipitated by the addition of 39 g 




eluted by changing the buffer system to 100 mM sodium phosphate. 1.0 M sodium 
chloride. pH 7.9. Fractions which had 260/278 nm absorbance ratios <0.6 were pooled 
and precipitated by addition of 39 g at 



Protein samples were examined electrophoretically using the Pharmacia 
Phastsystem (Pharmacia LKB Inc.. Piscataway. NJ) according to the manufacturers 
instructions. Precast 12.5% acrylamide gels (Pharmacia) were stained with 0.1% 
coomassie brilliant blue R250 in 16.7% acetic acid. 41.7% methanol. Gels were destained 
in 7 .5% acetic acid. 25% methanol Samples for electrophoresis were solubiHzed in 50 
mM Tris-HCl. 5 M urea. 5% SDS. 20% glycerol. P H 6.8. Some samples were reduced by 
addition of ditMothreitol to a final concentration of 0.5%. All samples for SDS-PAGE 
were boiled for ;>5 min prior to electrophoresis. 



Toxin titers were estimated in mice using the intravenous method of BororT and 
Fleck (1966) and the intraperitoneal method of Schantz and Kautter (1978) in 18-22 g, 
female, ICR strain mice. Time-to-death values obtained from intravenous titration of type 
A and B toxin samples were converted to intraperitoneal LDs/ml using a standard curve 
generated in our laboratory with type A complex. Botulinal toxin for titration was 
dissolved in 50 mM sodium phosphate, pH 6.8. and then further diluted as required in 30 
rnM sodium phosphate. 0.2 % gelatin, pH 6.4. 

Lyophilization and mrripiftift 

For lyophilization. toxin samples were diluted in the excipients to be tested (all 
excipiems were from Sigma Chemical Co.), 0.1 ml or 0.5 ml aliquoted into 2 ml glass vials 
(Fisher Scientific Co.. Pittsburgh. PA), the teflon lined screw cap closures fastened 
loosely, and the samples quickly frozen in liquid nitrogen. The frozen samples were placed 
into a lyophilization flask which was then immersed in liquid nitrogen. The flask was then 
connected to a laboratory freeze-drier (Vims Freezmobilel2, Vims Co.. Inc., Gardiner. 
NY). When the pressure dropped to ca. 30 mTorr. the liquid nitrogen jacket was removed. 
Pressure was maintained at or below 30 mTorr and condenser temperature was constant at 
-60°C. Samples were allowed to come to room temperature and drying continued at 
ambient temperature over the next 18-24 h. At that time the flask was removed and the 
vials tightly capped. Vials were assayed for toxicity within 1-3 days (adapted from 
Goodnough and Johnson, 1992). 

Some vials of lyophilized type A neurotoxin and type A toxin complex were stored 
at various temperatures to investigate the effect of added excipients on the shelf-stability of 
the dried material. In these cases, the tightly capped vials were placed into plastic bags. 



stored at various temperatures (-20. 4. or 37°C) and the contents assayed for 



Toxin pnrificatinn 

Samples of crystalline type A toxin complex electrophoreses on sodium 
dodecylsulfate-polyacrylamide gels (SDS-PAGE) showed banding patterns typical for type 
A toxin complex (Figure 1, lanes 1,2). ChromatographicaUy purified type A toxin 
complex was electrophorencally equivalent to the crystalline material on SDS-PAGE 
(Figure 1 , lanes 3, 4) and showed a higher specific toxicity than the crystalline toxin (3.2 x 
10 7 LDso/mg for the chromatographed material vs. 2.0 x 1 0 7 LDsofrng for the crystalline 
toxin). 

Type A neurotoxin purified from the non-toxic components of the complex showed 
a single band on unreduced SDS-PAGE gels of ca. 145 kDa indicating that it was free of 
contaminating non-toxic complex proteins (Figure 2. lane 1). Upon reduction of the 

kDa heavy chain and the 52 kDa fight chain (Figure 2, lane 2). The purified neurotoxin had 
a specific toxicity of 9.0 x 10 7 LDso/ing. 

Unreduced SDS-PAGE samples of purified type B neurotoxin showed a single 
band atca. 152 kDa indicative of type B neurotoxin (Figure 2, lane 3) (DasGupta and 
Sugiyama, 1976). Reduced samples showed three bands of ca. 152. 102, and 50 kDa 
(Figure 2, lane 4). The specific activity of the purified type B neurotoxin was 1.05x10 s 
LDst/mg. 



12 3 4 



Figure 1. SDS-PAGE of aostridinm boiulinum type A toxin complex purified by the 
modified method of Duff el aL (1957) (lanes 1 and 2) and by the method of Tse et aL 
( 1982) (lanes 3 and 4). Lane 1- type A toxin complex (crystalline) (unreduced); lane 2- 
type A toxin complex (crystalline) (reduced with 05% w/v dithiothreitol; lane 3- type A 
toxin complex (chromatographicaHy purified) (unreduced); lane 4- type A toxin complex 
(chromatographically purified) (reduced), 4-6 ug protein each lane. 



Figure 2. SDS-PAGE of purified type A and B Clostridium hotulimim n «m«nrinc 
Lane 1- purified type A neurotoxin (unreduced); lane 2- purified type A neurotoxin 
(reduced with 0.5% w/v dithiothreitol); lane 3- purified type B neurotoxin (unreduced); 
lane 4- purified type B neurotoxin (reduced), ca_4ug each lane. 
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Lyophilized preparations were usually reconstituted in 1 .0 ml of distilled water. 
The use of 0.85% saline as a diluent gave equivalent results. The white cake dissolved 
immediately and was mixed by gentle inversion of the vials. The resulting solution was ' 
transparent. This solution was titrated by the same method used for the pre-lyophilization 
solution. Percent recovery values (calculated as number of mouse IP lethal doses/vial after 
lyophflization divided by number of mouse IP lethal doses/vial before Iyophilization x 100) 
represent averages of trials done in at least duplicate. The variation in independent assays 
was ca. ± 20% as reported earlier by Schantz and Kautter (1978). 



was dependent on the rate of freezing and hence on ice crystal size. Freezing at -20°C or 
-70°C for 24 h in 50 mM sodium phosphate buffer. pH 6.8. resulted in slight loss of 
activity (75-90% recovery) compared to >90% recovery on flash freezing at -200° C in 
liquid nitrogen followed by 24 h storage at -70«C (data not sbownX This could indicate 
that the larger ice crystals formed in the slower freezing cycle had a slighty negative impact 
on toxin stabilty by forming a larger more open structure when these crystals were 
sublimed during lyophilization. Previous studies in our laboratory also showed that no 
m (£20%) of type A crystalline toxin (10 4 IX>5(/ml) occurred during 
ig at -20°C in several buffers. These included 50 mM sodium 
phosphate (pH 6.2-6.8). 50 mM sodium succinate (pH 6.0), or 50 mM sodium citrate (pH 
5.5) (Whitmer. Johnson and Schantz. unpublished). Freezing in 30 mM acetate buffer, pH 
4.2, resulted in irreversible loss of toxicity (Schantz and Scott. 1981; Whitmer ct aL. 1987; 
Goodnough and Johnson, 1992). 

The effect of salt concentration during freezing was examined for its effect on 

is precipitated during various purification steps with ammonium 
is in excess of 60% saturation at room temperature with no loss of 



activity. This is ca. equivalent to a 33% (w/v) solution of the salt. Sodium chloride at 
0.9% in the commercial formulation m ay reach concentrations in excess of 6 M during 
lyophilization (Ranks, 1990a) or ca. 35% (w/v) prior to crystaHization. Freezing samples 
of type A toxin complex at -20°C and -70°C in 5.0 M solutions of sodium chloride, pH 
6.2, did not affect toxin activity and full recovery was obtained after 24 h at both freezing 
temperatures and rales tested. 

. Lyophilization of type A toxin complex at 100-1.000 LDsf/vial (Le. 3.3-33 ng/vial) 
in the absence of protein drying excipients gave almost complete loss of activity (Table 1, 
adapted from Goodnough and Johnson. 1992). It was not possible with such small 
quantities of toxin to determine if there were any losses due to aggregation since no visible 
precipitate formed when the dried material was reconstituted. The recovery of botulinal 
toxin activity following lyophilization was dependent on three factors. The formulation had 
to have a protein stabilizing agent present. In our case, serum albumins were most 
commonly used although other globular proteins such as gelatin, alpha-Iactalbumin, and 
lysozyme worked in place of the albumins. The preparation for drying had to be free of 
sodium chloride and the pH of the preparation had to be maintained below 7.0 (Table 1). 
The results which stemmed from studies using crystalline type A toxin complex were then 
applied to other forms of botulinal toxin. 

Type A toxin complex which was chromatographically purified gave identical 
recovery as the crystallized type A toxin complex following lyophilization. 
Chromatographically purified type B toxin complex (a mixture of the 300 kDa M and 500 
kDa L complexes) was lyophilized under conditions which were favorable for recovery of 
type A toxin activity. Recovery of the chromatographically purified type B complex was 
the same as that attained with type A toxin complex (Table 2). 



Table 1. Effect of excipients on recovery of toxicity of £| 




sodium phosphate? 
bovine serum albumin/ 


50, 100. 1.000 


5.0. 6.0, 6.8 


<10 


sodium chloride^ 


100 


6.4 




bovine serum albumin e 


100, 1,000 




88 75 


bovine serum albumin/citrate 1 


100. 1.000 


5.0 


>90. >90 


bovine serum albumin/phosphateS 


100. 1.000 


5.5 


>90.>90 


bovine serum albumin/phosphateS 


1,000 


7.3 


60 


bovine serum album in/phosphate^ 


1.000 


6.0 


>90 


human serum albumin' 


100. 1.000 


6.4-6.8 


>90. >90 


alpha-lactalbumin) 
lysozymei 


1.800 


6.1 


>78 


1,800 


5.3 


>78 




1.800 


6.3 


>78 


bovine serum albumin/ 








trehalose^ 


500 


5.7 


>90 


bovine serum albumin/ 






sucrose 1 


325 


6.6 


65 


bovine serum albumin/ 








maltotriose m 


250 


7.0 


>80 



a Type A mouse IP lethal doses/vial before Iyophilizanon; b ^recovery = (number mouse 
lethal doses after lyophUizauon/nuraber mouse lethal doses prior to Iyophilizanon) x 100; 
° 50mM sodiura Phosphate; d bovine serum albumin (5.0mg/ml). sodium chloride 
(9.0mg/ml); e bovine serum albumin (9.0mg/ml); f bovine serum albumin (9.0mg/ml), 
50mM sodium citrate; & bovine serum albumin (9.0mg/ml). 50mM sodium phosphate;'*! 
bovine serum albumin (9-Omg/ml), 50mM potassium phosphate; » human serum albumin 
(9.0mg/ml); j concentration = 9.0mg/ m l; k 9.0mg/ml bovine serum albumin. lOOmg/ml 
trehalose; ' 9.0mg/ml bovine serum albumin, 250mg/ml sucrose; m 9.0mg/ml bovine 
semm albumin. lOOmg/ml maltotriose. (adapted from Goodnough and Johnson. 1992). 



Table 2. Recovery of activity following lyophilization of Clostridium botulinum type B 
toxin complex 2 . 





te<» 1.000; 100 
tee 1,000 

1.000 

1,000 

1,000 



Bfl %recoveryC 
6.0 >90 
6.0 >90 
6.4. 6.8 >90 
6.4 >90 
6.2 >90 



a type B complex was a mixture of 300 kDa and 500 kDa complexes (Sakaguchi, 1983); 
b mouse intraperitoneal lethal doses/vial; c (number of mouse lethal doses/vial after 
lyophilization + number of mouse lethal doses before lyophilization) x 100; °" 9.0mg/ml 
bovine serum albumin. 50mM sodium phosphate; e 9.0mg/ml bovine serum albumin. 
50mM potassium phosphate; 

f 9-0mg/ml bovine serum albumin; g 9.0mg/ml human serum albumin; h concentration = 
9.0mg/ml. 
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In further efforts to reduce the amount of neurotoxin needed to yield 100 LDjc/vial 
following lyophifeation. purified type A and B neurtoxins were dried in the presence of 
serum albumin. Although the neurotoxins are more labile than the complexes, recoveries 
on drying were similar to those obtained with the complexes (Table 3). The quantities of 
neurotoxin required to attain 100 LD50 of active toxin following lyophilization were ca_ 1 
ng per vial as compared t0 3-8 ng per vial of the type A and B complexes. Recoveries of 
type A and B neurotoxin following ryophilization were high of pre-lyophiBzed • 
starting values) except in the samples which sucrose was added at a concentration of 250 
mg/ml. The tower recovery rate (50%) with sucrose may have been related to a higher 
level of residual moisture as solutions containing high concentrations of sucrose are 
difficult to dry completely (Franks. 1990a). This residual moisture also had a de 
affect on activity of selected type A botulinal toxin preparations when the differe, 



Table 3. Recovery of activii 
type A and B » 




type A 

bovine serum 



a bovine and human serum albumin concentration was 9.0 mg/ml, carbohydrate 
concentration was 100 mg/ml in all cases except sucrose which was 250 mg/ml; b mouse 
intraperitoneal lethal doses/vial; c (number of mouse lethal doses/vial after lyophilization + 
number of mouse lethal doses before lyophilizarion) x 100. 



Three different carbohydrate exciptents were added t 
system in an effort to rate Ac shelf-storage temperature by elevating the glass transition 
temperature of the dried material. Trehalose and maltotriose were added to the drying ' 
formulation at 100 mg/ml while sucrose was added at 250 mg/mL Purified type A 
neurotoxin and crystalline type A toxin complex were used in separate experiments. The 
results with purified neurotoxin indicated that trehalose had a stabilizing effect at 4 and 
3TC °' 5% activi, y rctained 130 days storage) which was much greater than the other 
two carbohydrates tested (^25% activity retained for each) (Hgnre 3). Type A crystalline 
toxin complex was also stabilized by trehalose at the elevated shelf temperatures tested 
(50% retained activity after 130 days), but not to the same degree as that obtained with 
purified type A neurotoxin. Control vials for each combination of excipients were stored at 
-20t and did not show any reduction in potency over the 1 30 days of incubation. 



Tlie conditions used for lyophilization in this study had a considerable effect on 
recovery of active bomlinal toxin. One of the most critical factors that contributed to 
recovery of active toxin was the omission of sodium chloride from the solution to be 
lyophilized. This omission combined with the presence of a protein excipient in large 
excess (1,000-10,000 fold excess) of the botulinal toxin concentration yielded >90 % of 
the starting toxicity when the pH was maintained below 7.0. Recovery of toxin activity 
following lyophilization was dependent to a more limited extent on the pH of the solution 
prior to lyophilization (Table 1). pH values of 7.0 and 7 J were tested which did not give 
recovery rates as high as those obtained at pH values below neutral fTable 1). While freeze 
concentration and subsequent differential ciystallization rates of the buffer components and 
salts present in solution, especially for sodium phosphate buffered systems, has been 
shown to alter the pH during lyophilization (Van den Berg, 1966; Pikal, 1990), the use of 
sodium phosphate or potassium phosphate in our experiments did not effect recovery of 
active type A toxin complex (Table I). Solutions of BSA or HSA at 9.0 mg/ml had pH 
values of 6.4-6.8 at which full recovery was obtained. Full recovery of toxin activity was 
also obtained when the pH was adjusted to 5.0 or 5 Ji by the use of sodium phosphate or 
sodium citrate buffered systems (Table 1). Recovery of activity Mowing lyophilization of 
purified type A and B neurotoxin does not seem to be dependent on the presence of the 
non-toxic binding proteins of the complex as a high percentage of toxin activity was 
recovered using the same formulation as that used for the type A and B toxin complexes. 

The differences in recovery rates dependent on pH could be due to the tendency for 
increased deamidation at higher pH levels. Deamidation with loss of activity has been 
demonstrated with other proteins such as lysozyme (Ahem and Klibanov, 1985). triose- 
phosphate isomerase (Ahem et aL, 1987), calmodulin (Johnson et al., 1989a) and others 



(Johnson et aL, 1989b). Asparagine deamidates more readily than glutamine in model 
peptides with contributing factors being the primary amino acid sequence and the wrri,™ 
structure of the protein (Wright. 1991; Iiu. 1992). Abo, deamidation is moie p 
asparagine-glycine and asparagme-serine sequences than at other asparagine se . 
(Ltu. 1992; Wright. 1991). There are at least s« asparagine-glycine sequences in rype A 
neurotoxin with three being in the light chain and three in the heavy chain. There are eight 
asparagine-glycine sequences present in the heavy chain region of the toxin (Binz et aL, 
1990). In other protein systems, these sequences were deamidated under certain drying 
and storageconditions (Wright, 1991). I 




a post- 
Mi of 0.9 mg/ml following recoistitution) slighdy lower 
recoveries (60-80* of initial toxicity) were obtained on Iyophilizanon (Goodnough and 
Johnson, 1992). This could be due to the fact that the same size 2 ml vials and 

re used causing the frozen cake to be thicker. This increased 

rem me freeze dried 



Shelf stability is an important property of protein pharmaceuticals. 1 
formulation of botuUnal toxin must be stored below -I0°C and ideally below -20°C 
following drying to retain potency of the dried toxin. One possible reason for the 
instability observed at ambient temperatures is that the glass tr. 

>und-10°C S 



(Franks. 1990b). The glass 
coniaining protein can be 
by the addition of certain carbohydrates. For instance, Franks (1990b) lists the 
as77°C.57«C,and 



76°C respectively. Rom these data one couH as 



carbohydrates are significantly different Trehalose retains the lowest with 16.7% water 
id by mahotriose (31.0%) and sucrose (35.9%) (Franks. 1990b). The higher 



drying cycle to remove this water. The majority of the moisture in the initial formulation is 
removed relatively quickly during the primary drying portion of the lyophilization cycle. It 
is during this pan of the cycle that the ice crystals formed during freezing are sublimed. 
Remaining moisture such as that associated with water of hydration and bound in 
crystalline structures must be removed in the much longer secondary drying portion of the 




the toxin molecule in the lyophUized state. "I 
the toxin molecule in solution and in the gastric tract. Buffered solutions of purified 
neurotoxin show breakdown fragments and a reduction in specific activity when incubated 
in solution at ambient temperature in only a few days. Solutions of toxin complex do not 
show these breakdown fragments and maintain specific activity for weeks (Goodnough and 
Johnson, unpublished data). 

in is more stable at elevated 
en lyophilized in the three excipient systems 
tested. One possible explanation for this is that when toxin complex is lyophilized there is 



moreresidual water present in close proximity to the toxin molecule itself due to the water " 
of hydration from the non-toxic binding p^teins of the complex. This water which is 
already in close proximity to the toxin molecule could be available fordegradative reactions 
when the dried ma^«n„sed above te glass tn^dontopen.tun. Another possible 
explanation is that the type A toxin complex preparations had a small amount of a 
protease(s) which copurified with the to 

J- These degradative enzymes could 

ir present. The pure form of the 



contaminants removed. As a third possibility, one of the m 
themselves could have some land of 
the inactivation of the lyopWIized complex. 
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Treatment of hyperactive muscle disorders with the neurotoxin of Clostridium 

Prior to distribution to clinicians, the toxin must be carefully quantified and dispensed th 
freeze-dried or lyophilized to allow shipment and handling of this delicate protein. The 
vanous drying processes and formulations cause varying degrees of inactivation of the 
toxin and formation of toxoid. This toxoid adds to the antigenic burden of the material an 



peptide bond hydrolysis, and oxidative degradation. In this study, we 
n a model system using purified type A and B Clnaridinni hotnlinnin 
tat aggregation, deamidation. and peptide bond hydrolysis occur during 
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Clostridium tmmlwmm is a heterogeneous gronp of organisms that produce a very ' 
potent proteinaceous neurotoxin which binds to motor-neurons at presynaptic junctions and 
inhibits the release of acetylcholine causing a flaccid paralysis (Schantz and Johnson, 
1992). The organisms comprising the group are characterized by differing degrees of 
proteolysis and by the serotype of neurotoxin produced. There are seven known serotypes 
A, B. Ci, D. E. F, and a The neurotoxin is post-translationaUy processed to form the 
active dichain molecule. Post-translarional "nicking" occurs ca. one-third the length of the 
protoxin molecule from the N-terminus generating two fragments connected by a disulfide 
bond. This dichain molecule is comprised of a light chain (ca. 50 kDa) which is the 
neurotoxic portion and a heavy chain (ca. 100 kDa) which is responsible for binding to the 
receptor on the motor-neuron and internalization of the Iightchain (Niemann. 1991). The 
of the flaccid paralysis caused by type A toxin has been used in the treatment of 
cle disorders in humans since about 1981 (Schantz and Johnson, 1992). The 
U.S. Food and Drug Administration licensed type A botulinum toxin for treatment of some 
of these disorders as an orphan drug in 1989. 

Freeze-drying or lyophilization has become a standard method of stabilizing 
proteins which are susceptible to inactivation or possible microbial contamination when 
stored in dilute solutions. Frecze-drying subjects proteins to changes in temperature, 
increases in salt concentration, alterations in pH, and exposure to degradative reactions 
(Pflcal, 1990; Franks. 1990: Liu, 1992). It has been shown that exposure of £. botulinum 
toxin to high salt concentrations or to low pH values during purification is not detrimental 
to toxin activity (Schantz. 1964; Schantz and Johnson. 1992). However, the neurotoxin is 
a fragile protein molecule and has been shown to fragment under relatively mild conditions 



* of some pharmaceutical peptides (Johnson and Aswad, 1990; Johnson et aL. 
1989a; Johnson etal. 1989b; Manning et al.. 1989). Asparagine and glutamine residues 
can react with succeeding glycine residues at physiologic pH values (pH 6-8) leading t6 the 
formation of a cyclic imide structure with the corresponding loss of an 
the side chain oftheasparagme or glutamine. The cyclic imide can 
a normal L-aspartic or glutamic acid linkage or the D-isoroer of the ; 

»s been used with model peptides < 



group from 
then break open to form 




« occur during freeze-drying due to 



during lyophilizauon. Aggregation of protein a 
exposure of internal hydrophobic am 

hydrophobic surfaces such as,, solvent-air interfaces (Shaky et al. 1991). Under such 
Jr hydrophobic interactions is favored which 



conditions, the formation of in 




loss of activity of proteins during lyophilization. The 

hydrolyze at low pH values.and 

aspartate-proline 

occurred at pH values as 
high as 5.0 (DasGupta and Tepp. 1991). 

TherHeser^of free water is i^cessary in aU of these reactions. In 

lyophilized protein preparations, free water is generally present only at temperatures above 
that of the glass transition temperature of the material (Franks, 1990). The glass transition 
is the temperature at which the material changes from an elastic solid or glass, in which the 
WatCr * heW in P ,ace ° nI y very slowly diffusable). to mat of a more pliable or 



deformable rubber material in which water is free to diffuse and participate in chemical 
is dependent on the final water content of the dried 



(Franks, 1990). 

In this chapter. I have examined processes which cause inactivation of botulinal 
l This work suggests that the drying formulation and process 



Materials and Efefj iorjs 
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Bacterial mitnm ajj naj, rrnnfirnrinn 

ajsastobofflBnamHall A strain was used for the production of type A toxin 
complex. This strain is routinely used for production of type A botulinum toxin due to 
high toxin titersand the rapid onset of cell lysis (usually whhin 48 h). CJ 2 ojuljr,u m Okra 
>n was used to produce type B 
m were grown statically in 15 ml Hungate 
tubes containing 10 ml of cooked meat medium + 0J % dextrose (CMM. [Difco 
Laboratories. Detroit, MTJ) under an anaerobic atmosphere (80% N 2 , 10%CO2. 10%H 2 ) 
at 37°C for 24 h and frozen at -20°C until use. CMM cultures of the Hall A strain gave 
toxin titers in excess of 10° intraperitoneal 50% lethal doses (LDsofal) in 18-22g white 
mice within 48-72 h while OkraB cultures gave toxin titers of 5-9 x 10* LDsoAnl of crude 
culture. 

For toxin production, cultures of Hall A and ObaB were grown siatically in 12-15 
liter volumes of toxin production medium (TPM) consisting of 2.0% casein hydrolysate 
(Sheffield Laboratories, Norwich. NY), 1.0% yeast extract (Difco), and 0.5% dextrose. 
P H 7.3-7.4, for 5-7 days at 37°C. Cultures showed heavy growth in this medium during 
the first 24-18 h followed by autolysis of the cultures which w 
settling over the next 48-120 h. 



Toxin purificarifp i 

Crystalline type A toxin complex was purified by a modification of the method of 
Duff et aL (1957) as described elsewhere (Schantz, 1964; Goodnough and Johnson. 1992; 
Schantz and Johnson, 1992). This method was identical to thcmethod used to produce 
type A toxin complex for medical use in the United States. Purified type A neurotoxin was 
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purified by the method of Tse et al (1982) with the addition of a final chromatographic step 
on SP-Sephadex C50 (Sigma Chemical Co, St Louis, MO) at pH 7.0 according to the 
method of DasGupta and Sathyamoorthy (1984). 

Type B neurotoxin was purified from erode culture by a method involving the 
chromatographic procedures of Tse et aL (1982) and Moberg and Sugiyama (1978). 
Briefly, cultures of Q. hsSuUmm Okra B were acid precipitated to collect the toxin from the 
whole culture. Type B toxin complex was separated from the remaining proteins in the 
extract of the acid precipitate on a 1 liter DEAE-Sephadex A50 (Sigma Chemical Co., Sl 
Louis. MO) (5 cm x 65 cm) at a pH of 55 in 50 mM sodium citrate buffer. The neurotoxin 
was partially separated from the associated non-toxic proteins of the complex on a DEAE- 
Sephadex A50 column at pH 7.9 according to the method of Tse et al. (1982). The 
partially purified neurotoxin was purified to homogeneity by binding the non-toxic proteins 
of the complex to a pAFTG-Sepharose 4B column (p-aminophenyl-B-D- 
thiogalactopyranoside) (Sigma) and eluting the purified toxin as a single peak according to 
the method of Moberg and Sugiyama (1978). 



Protein samples were examined by SDS-PAGE using the Pharmacia Phastsystem 

y.NJ) 

E was also done with the BioRad 
Protean n system (BioRad Laboratories, Richmond, CA) using linear jwlyacrylamide gels 
according to the method of Laemrali (1970) as modified by Hames (1990). Gels were 
stained with 0.1% coomassie brilliant blue R250 in 16.7% acetic acid, 41.7% methanol and 
destained in 7.5% acetic acid. 25% methanol. Some gels were further silver stained 
according to the method Haines (1990). Protein samples for SDS-PAGE were solubilized 
in 50 mM Tris-HCl. 5 M urea, 5% SDS. and 20% glycerol. pH 6.8. Some samples were 



>nof0.5%(w/v). Samples for 
SDS-PAGE were boiled for 5-10 rain prior to electrophoresis. 

Proteolytic digestion and peptide mapping was done according to the 
method of Cleveland et ai (1977). For this analysis, protein bands were excised from the 
first SDS-gel after staining with Coomassie blue. The bands were cut out of the first gel 
using a razor blade and loaded directly onto the second gel. 

Samples for native gel analysis were solubffized in 50 mM Tris-HCl. 20% glycerol. 
P H 6.8. and were run on precast, 4-15% gradient gels according to manufacturers 
instructions (Pharmacia). Urea was added to some samples for native gel electrophoresis 
to a final concentration of 8 M. Samples for isoelectric focusing were dissolved and diluted 
in 25 mM sodiu m phosphate, pH 7.3. and run using pre-cast isoelectric fo cusing gels 
(Pharmacia) according to die manufacturers in 



Proteins separated by SDS-PAGE using the BioRad Protean II system were 

imobilon brand PVDF(polyvinyUdcne diflouride) membrane (Milhpore 
Corp.. Bedford. MA) according to the method of Maisudaira (1987). Transfers were made 
onto PVDF membranes in 10 mM CAPS (3-cyclohexylaminopropanesulfonic acid). 5% 
methanol. pH 10. at 30 mAconsumt current overnight (ca. 16 h) using the BioRad 
Transblot electrotransfer cell. The PVDF membranes were fiist briefly wetted with 100% 
methanol prior to assembly of the electrotransfer cassette. Following transfer, membranes 
were briefly (2-3 min) stained with 0.1 % Coomassie brilliant blue R250 in 40% methanol 
and destained with 40% methanol to visualize transferred bands. Bands for amino acid 
sequencing were excised with a clean razor blade and sequenced at the University of 
Wisconsin Biotechnology Center. Madison. Wl 



Toxin assays . ^ 

Toxin titers were estimated in mice using the intravenous method of Boroff and 
Fleck (1966) and the intraperitoneal method of Schantz and Kautter (1978) in 18-22 g, 
female, ICR strain mice. Ttme-ttxieath values obtained from intravenous titration of type 
A and B toxin samples in 3-5 mice were averaged and converted to intraperitoneal LDsQfwl 
^S^^curvezt^trimcml^ntoiyfcxTtetypeAcomplex. Botulinal toxin 
fortitwion was dissolved in 50 mM sodium phosphate. P H 6.8, and then further diluted as 
required in 30 mM sodium phosphate, 0.2 % gelatin. pH 6.4. 



Estimation of the isoaspartyl content of unlyophilized or Iyophilized, and 

purified A and B neurotoxins was done using a methanol diffusion assay of 
(1984) as modified by McFadden and Clarke (1986). Isoaspartyl-delta sleep 
PA) was used 



H-Trp-AIa<3Iy-Gly-Asp*-Ala-Ssr-Gly-GIu-OH 
where Asp* is the residue with the isopeptide bond. 

Isoaspartyl residues were methylated in a reaction volume of 50 jd at 30°C for 30 
min in the presence of 2 jtM protein methyltransferase (protein L-isoaspartyl 
methyltransferase type It; PIMT; E.C. 2.1.1.77 kindly provided by Dr. D. Aswad. 
University of California, Irvine) and 50 jiM S-adenosyl-L-[/n«/iy/-3H] methionine (500- 
600dpm/pmol). The specific activity of the PIMT was 15-20 nmolWmg at 30«C using 
gamma-globulin as substrate or 25-30 nmolWmg using isoaspartyl-delta sleep inducing 
peptide isoAsp-DSIP. Mediation teactions were stopped by addition of 50 pi of 0.4 M 



sodium borate, 5% SDS, 2.2% meuranol. pH iaO. and vottexing thoroughly. Twenty- ^ 
five Ml of individual reactions wer: spotted onto filter paper in the caps of 20 ml 
scir^arion vials containing lOmlof Ecolume OCN, Costa Mesa, CA), the caps tightened 
and tfcviak incubated at 40^ ' 
replaced with new caps and the viais counted in a Becbnan LS 5801 bquid scintillation 



„ u v^Muticiits for type A . 

wxmcomptaof A278 1-65. purified type A neurotoxin of A278 1.63 (KnoxetaL. 1970) 
and for both type B toxin cornpkx and purified type B neuromxin of A 278 ,.85 = 1 mgAnl 
ina, cm light path (Beersand Reich. 1969). coitions were also estimated 

ih et a! (1985) with bovine seram albumin as 



g was done at the University of "Wisconsin Biotechnology 
it with on-une model 120A 
Praanalv^andeiOAdauaruuysUsys,^^ 



HPLC was performed with a Rainin HPXL system (Rainin Instrument Co.. 
Woburn,MA). The 



were a Rainin SEC column (4.6mm x 

mm) at a flow rate of 1.0 ml/mui. The isoc 



S oaumpl»sp n ate,pH7.0.^ 1 



molecular weight cutoff for both columns was reported by the manufacturers to be 1-2 x 
HPkDa. 



Results 



SDS-PAOEof bohilinnm toxin piyparaf i^, 

The purity of type A toxin was evaluated by SDS-PAGE (Figure 1). Lane 2 
contained 4-6 ng of purified type A neurotoxin with a specific toxicity of 96 LDsr/ng. A 
single major band is seen at 145 kDa. Lane 3 contained 4-6 ug of purified type A 
neurotoxin that was reduced with 0.5% (w/v) dithiothreitol. Two major bands are seen at 
93 kDa(heavy chain) and 52 kDa flight chain). Lane 4 contained 4-6 ug of type A toxin 
complex and showed the characteristic 7 bands. Lane 5 contained 4-6 ug of type A toxin 
complex that was reduced with 0.5% (w/v) dithioihreitoL 

Purified type B neurotoxin was analyzed by SDS-PAGE (Figure 2). Lanes 1 and 2 
contained crystalline type A toxin complex (unreduced and reduced, 4-5 ug each lane) 
which was used as a molecular weight marker. Lane 3 contained 5-6 ug of purified type B 
neurotoxin, molecular weight ca. 152 kDa (unreduced). Lane 4 contained 5-6 ug of 
purified type B neurotoxin that was reduced with dithiothreitol (0.5% w/v) showing heavy 
(ca. 102 kDa) and light (ca. 50 kDa) chains. In contrast to type A. a substantial portion of 
type B nearotcxin rer^ed in the =K=cted (152 kDa) after redsctien of the disulfide 




12 3 4 

Figure 1. SDS-PAGE analysis of type A toxin preparation*. Lanel. molecular weight 
markers (in kDa); rabbbit myosin, 205.E. cofi B-galactosidase, 118,EecU 
phosphorylase, 94 , bovine serum albumin, 66, ovalbumin, 45, carbonic anhydrase, 29, 
(Sigma Chemical Co.. St. Uuis, MO), 5-6 jig protein total; lane 2, purified type A 
neurotoxin (unreduced), 4-5 ug protein; lane 3, purified type A neurotoxin (reduced with 
0.5% (w/v) dithiothreitol). 4-5 ug protein; lane 4, type A toxin complex (unreduced). 4-5 
fig protein; lane 5. type A toxin complex (reduced). 4-5 ug protein; lane 6. molecular 
weight markers Cm kDa); £ mli phosphorylase^. bovine serum albumin. 66. ovalbumin, 
45. carbonic anhydrase. 29. soybean trypsin inhibitor, 20.1 (doublet), and alpha 
lactalbumin- 14.2, (Pharmacia). 4-6 ug total. 




Rgu«2. SDS-PAGEof^AtoxmcompIexandponfiedtypeB^toxm. Lane I. 
'^^^Atoxincomplex^^^ 

loxin complex (reduced with 0.5% ( W /v) diW oU«i to l).«^ protein:]ane 3 jpurified 
type B neurotoxin (unreduced), 4-5 Hgpi^ein; 1^4. purified rypeB ix 
(reduced). 4-5 jig protein. 



A ggresaaon of tvne A toxin during Ivrip hniTati™, 

Purified type A neurotoxin aggregated when lyophilized in the absence of protein 
(Table 1). In trial 1 Table 1, toxin was freeze-dried and stored at room temperature for " 
several weeks before being reconstituted. In trials 2 and 3, aggregation was determined 
within 1-2 days following lyophflization. All trials represent the average of two separate 



-c gel electrophoresis (Figure 3) of type A complex and purified type A 
neurotoxin supported the idea that aggregation occurred during lyophilization. Type A 
toxin complex (lane 1) migrated as a single polypeptide on 4-15% polyacrylamide native 
gels. When 8M urea was added to the toxin complex, some dissociation occurred 
(approximately 30%) (lane 2). Purified type A neurotoxin that had been lyopnilized and 
treated with 8 M urea migrated as a single polypeptide. Purified type A neurotoxin that had 
been lyophilized but not treated with urea contained aggregates that did not enter the gel 
(lane 4). 



ly of type A toxin complex by HPLC in 100 mM 
m phosphate. pH 7, at room temperature showed that unlyophilized or 



re not detected and peak broadening indicative of 
re not observed. However, since the toxin complex (900 kDa) was very 
nearly at the size exclusion limit of both commercially available columns (approximately 1- 
2 x 103 kDa in each case) it may not have been possible to detect large molecular weight 



Table l. Losses of purified type A neurotoxin on lyophilization * 



Sample 


Trial 


Specific activity* 


A22S b 


BCA C 


pre- 
lyoph 


1 
2 
3 


88 
96 
94 


100 
300 
200 


131 

354 
220 


lyophd 


I 
2 
3 


60(68%) 
80(83%) 
75(80%) 


65(65%) 
220(73%) 
173(87%) 


80(61%) 
237 (67%) 
175 (80%) 



U sodium phosphate. pH 6.8. 0.10 ml fill volume. aLDsrVng determined by Lv. 
method of Boroff and Fleck (1966); babscrbance at 278 nm using an extinction coefficient 
for type A toxin of El%=16.3 in 1 cm light path; «BCA a> 
with an average of 

at. 1985) (Pierce Biochemicals. Rockford. IU U.S.A); ^assayed after being dissolved in 
1.0 ml dH 2 Q and centrifuged to remove aggregated protein. Numbers in brackets 



Figure 3. Native gel electrophoresis of unlyophilized type A complex and lyophilized, 
purified type A neurotoxin on 4-15% polyactylamide gradient gel. Lane 1 . unlyophilized 
type A toxin complex, 4-5 ng; lane 2, unlyophilized type A toxin complex plus 8M urea 
added to the sample buffer prior to electrophoresis, 4-5 ng; lane 3, lyophilized, purified 
type A toxin treated with 8 M urea prior to electrophoresis. 2-3 jig; lane 4, lyophilized, 
purified type A neurotoxin which was not exposed to urea, 4-5 fig; lane 5, markers 
consisting of thyroglobulin, ferritin, and catalase. 



a source of denaturation using the vapor diffusion 
method of McFaddenartd Clarke (1986). Assays for deamidation showed that purified 
type B neurotoxin which had been lyophilized was a better substrate for the PIMT eniyrae 
thanitsunlyophifizedcon.o.CTablea). Purified type A neurotoxin did not show this 
ration of radiolabel in both the unlyophilized and the 



differences in the charge 
ation. Purified type A 
toxm (Figure 4. lane 3) had a specific toxicity of ca. 90 LD^ng and a pi of 6.1. Upon 
lyophilization, there was no detectable shift 
specific toxicity dropped to 65 LDsofog (Figure 4. lane 4). 



Table 2. Incorporation of tritiated methyl groups by protein isoaspartyl methyltransferase 
into lyophilized and unlyophilized purified type A (Ant) and B (I 



17.9 
20.3 



13.6 
13.0 



BnT= Bnt nvopWd^d 

33.9 0.1 10 

0.290 



purified type A neurotoxin (unlyophilized), ^purified type A neurotoxin (lyophilized, 
reconstituted with dH 2 0, specific activity = 65 LDfOfog). ^purified type B neurotoxin 
(unlyophilized). ^purified type B neurotoxin (lyophilized. reconstituted with dH 2 0. 
specific activity = 53 LDsofag). 



Figure 4. Isoelectric focusing gel (pH 3-9) of Iyophilised and unlyophilfeed purified type 
A neurotoxin. Lanes 1. 5; broad pi markers (from the top of the gel down) consisting of 
irypskogen. 9.30. lentil lectin-basic band, 8.65. lentil lectin-raiddle band, 8.45. lentil 



6.85, human carbonic anhydrase B. 6.55. bovine carbonic anhydrase B, 5.85, ft- 
lactogloculin A. 5.20. soybean trypsin inhibitor, 4.55, and amyloglucosidase. 350 
(Pharmacia). 8-10 ng protein; lane 2. sample buffer (25 mM potasium phosphate, pH 6.9); 
lane 3. purified type A neurotoxin. 4-5 pg protein; lane 4. lyophilized. puriHed type A 
neurotoxin, 4-5 jig protein. 
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Examination of type A toxin complex by SDS-PAGE before and after lyophilization 
indicated that no peptide bonds were broken (Figure 5). Lanes 1 (unreduced) and 2 
(reduced with 0.5% w/v dithiothreiiol) show the banding pattern of unlyophilized toxin 
complex. The pattern is typical of type A toxin complex showing toxin (lane I. unreduced, 
145 Kda, lane 2. reduced, 93 and 52 kDa) and the associated non-toxic binding proteins 
(1 18, 50, 35. 21.8, 20.8. and 17 J kDa). Lanes 4 (unreduced) and 5 (reduced) show the 
pattern of polypeptides in the complex following lyophilization. The formulation used for 
drying contained 50 mM sodium phosphate. pH 7.3. 9.0 mg/ml sodium chloride, and 250 
Ug/ml of toxin complex with a specific activity of 28 LDsomg; 0.1 ml was lyophilized in 2 
ml glass vials (Goodnough and Johnson. 1992). The lyophilized material had a specific 
activity of 7 LDstyhg corresponding to a loss of about 70% of the starting activity. 
Analysis of the lyophilized preparation by SDS-PAGE did not show that peptide bonds in 
the toxin molecule were hydrolyzed with formation of breakdown fragments. 

The possibility of peptide bond hydrolysis was further examined using purified 
neurotoxin. The simplified system of purified type A neurotoxin showed that peptide bond 
hydrolysis was occurring during lyophilization (Figure 6). The extent to which the 
hydrolysis occurred in the soluble material and the insoluble material in the reconstituted 
lyophilized cake was markedly different. Lyophilized type A neurotoxin was analyzed on a 
linear 12.5% polyacrylamide Phastgel (Pharmacia). The soluble material containing 3-4 |ig 
of toxin soluble in drfeO showed a doublet in the region of the light chain. The doublet 
occurred to a much larger extent in the insoluble, aggregated material (Figure 6. lane 5). 
The difference in molecular weights of the two bands is about 2 kDa. When the aggregated 
material following lyophiUzation was run on a longer gel (ca. 12 cm. 10% polyacrylamide 
gel using the BioRad Protean n system), the reduced toxin showed the 50-52 kDa doublet 
and the unreduced toxin showed a doublet at about 143-145 kDa (Figure 7). 



Figure 5. SDS-PAGE analysis of type A texin complex before and after lyopM UZ auo n 
Lanes I (unreduced) and 2 (reduced with 0.5% w/v dithiothreitiol), unlyophilized type A 
toxin complex, 4-5 ng protein; lane 3, molecular 



weight markers (in kDa); rabbit myosin. 



205. E. CM B-galactosidase. 118. rabbit phosphorylase 



9. (Sigma), 5 ug 

protein; lanes 4 (unreduced) and 5 (reduced), IyophiIi2e d type A toxin complex. 4-5 M g 



1 



2 



3 4 5 



Figure 6. SDS-PAGE showing hydrolysis of purified type A neurotoxin during 
lyophilization. Lane I, type A toxin complex (reduced with 0.5% dithiothreitol (w/v)), 4-5 
Ug protein; lane 2, lyophilized, purified type A neurotoxin, water soluble fraction (145 
kDa), 3-4 jig protein; lane 3, lyophilized, purified type A neurotoxin, water soluble fraction 
(reduced) (93 kDa, 52 kDa), *4 jtg protein; lane 4. lyophilized, purified type A 
neurotoxin, water insoluble fraction (145 kDa), 4-5 ug protein; lane 5- lyophilized. purified 
type- A neurotoxin, water insoluble fraction (reduced), 4-5 ug protein. 



Kgure 7. SDS-PAGE shoeing hydrolysis of light chain of type A neurotoxin during 
lyophihation. Lane 1, lyophilized, purified type A neurotoxin (reduced with 0.5% 
dMriothreitol (w/v)), 93 kDa. 52 kDa, 50 kDa. 7-10 ,tg total; lane 2, lyophih**). purified 
type A neurotoxin. 145 kDa, 143 kDa, 4-5 |tg total. 



The 50 and 52 kDa bands of the light chain doublet were separated on a 1 2 cm 
12.5% SDS-PAGE gel and the individual bands excised and digested according to the 
method of Cleveland et al. (1977). The excised bands were digested with Streptomym ij 
grissis pronase A and the fragments separated on a linear 15% polyacrylamide gel (Figure 
8). The sample in lane 1 was digested with 16 ng of pronase, while lane 2 was undigested; 
both lanes showed the 52 kDa band. Lanes 3 (undigested) and 4 (digested with pronase) 
contained the second (50 kDa) band of the light chain doublet The pattern of digestion 
fragments in lanes 1 and 4 are similar indicating homology between the 50 and 52 kDa 
bands. Lane 5 and 6 contained undigested 50 and 52 kDa bands while lane 7 contained 93 
kDa heavy chain digested with pronase. Lane 8 contained 93 kDa heavy chain that was 
digested with 30 ng of trypsin while lane 9 contained the same 93 kDa heavy chain band 
digested with 15 ng of trypsin. The lack of homology between the digestion fragments in 
lane 7 and those in lanes 1 and 4 indicates that the origin of the 50-52 kDa doublet is from 
the light chain of the toxin molecule. 



Kgwe 8. Partial proteolytic digestion of 52 kDa and 50 kDa light chain bands on 15% 
SDS-PAGE. Une 1. 52 kDa type A neurotoxin light chain band excised from SDS-PAGE 
gel shown in figure 7 plus 16 ngSjEaampy^gjj^ pronase A; lane 2, undigested 52 
kDa light chain band; lane 3, undigested 50 kDa light chain band; lane 4, 50 kDa type A 

Snaiffimyjas gssssi pronase A; lane 5, undigested 50 kDa light chain band; lane 6, 
undigested 52 kDa light chain band; lane 7, 93 kDa I^vy chain band from SDS-PAGE gel 
shown in figure 7 plus 16 ng S . gdssa pronase A; lane 8, 93 kDa heavy chain band from 
SDS-PAGE gel shown i„ Figure 7 plus 30 ng ]ane 0 „ ^ ^ ^ ^ 

from SDS-PAGE gel shown in figure 7 plus 15 ng trypsin. 



Amino acid Sftqiip.ni^p gl 

Amino acid sequencing was done on the 50 and 52 kJDa bands to determine the 
residue at which hydrolysis was occurring. The bands were transferred to PVDF 
raemebrane by the procedure of Matsudaira (1987). The 52 kDa band gave a sequence of 
P-F-V-N-K-Q-F-N-Y-K-x-P-V-N-G-V-D- upon Edman degradation. During (he 
sequencing run, the signal strength dropped to near the resolution limit of the instrument 
after the valine 13 residue. The sequence was still readable after this but at a lower limit of 
detection. The 50 kDa band gave strong P and V signals in the first two cycles of Edman 
degradation but the remainder of the sequence was N-terminal blocked. 



Discussion 
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during lyophilizalion and storage is difficult due to 
toxin are in each vial. In order to study possible denaturing mechanisms such as 
aggregation, peptide bond hydrolysis, and deamidation much larger quantities of the toxin 
had to be examined. It was found in this study that a self-protection effect occurred in 
which .he toxin acted as its own stabilizing excipiem when microgram quantities of toxin 
were lyophilized. Lyophilization of therapeutic levels of type A toxin complex (20-1.000 
LD50) using certain fonnuiaiio,.* nsuiicd i,, a much larger pe.centage of toxin iiactivaied 
<>90* inactivated) (Goodnough and Johnson. 1 992) than was found in this study (20- 



therapeutic levels of toxin are inactive on drying are extrapolated from the data obtained 
with much ^quantities of toxin. This has been shown to be different from drying 
lower levels of toxin. 

Aggregation of proteins occurs when the conformation of the molecule changes to 
allow more hydrophobic regions buried in the center of molecule to become exposed to the 



aggregation of toxin occurred during lyophiliration. Toxin stored above its glass transition 
temperature (trial 1) could have allowed degradative chemical reactions such as deamidation 
and oxidation to occur. Storage in this condition may have allowed the samples to pick up 
water from the environment which was shown to cause further aggregation in other protein 
systems (Liu etal., 1991). Tne difference in recovery of material in trial 1. 2. and 3 may 
have been related to the smaller amount of material used in trial 1 giving a larger percentage 
of material which may have adhered to the vial. The difference in the specific activities 



indicated that there could be additional inactivating events occurring during storage of the 
dried material. It is also possible that "self-protection" occurred in the trial with higher 



aqueous system at -3°C is 1,150 times higher than that at 0°C (Schwimmer, 1981). 
Cysteine residues have been shown to undergo auto-oxidation to form intra- or inter- 
motecular disulfide bonds as well as form oxidative degradation products such as sulfenic 
acid (Torchinsky. 1981). These oxidation reactions are greatly accelerated by the presence 
of metal ions such as copper and iroa No intra-molecular disulfide bond redistribution 
was seen in these studies as judged by non-reducing SDS-PAGE. However, it is possible 



such arrangements should not change the SDS-PAGE electrophoretic pattern. 

Aggregation could be promoted by the dried material slowly picking up moisture 
from the environment. It has been shown with bovine serum albumin that moisture 
adsorbed by the solid, freeze-dried product caused aggregation in part due to thiol-disulfide 
interchange (Liu. et al„ 1991). Other water dependent reactions such as deamidation and 
peptide bond hydrolysis would also be expected to be more prevalent in such cases. 

Aggregation of the toxin complex is difficult to detect using standard size-exclusion 
chromatography as the native complex eluted near the exclusion limit. However, since 
there was no discernible broadening of the peak of lyophilized toxin it is possible that the 
conditions used (Le. 100 mM sodium phosphate, pH 7.0) allowed dissociation of 
aggregates to the native MW of 800-900 kDa. 

Deamidation appeared to be occurring in all cases. Unlyophilized type A and B 
neurotoxins as well as the lyophilized neurotoxins were substrates of the enzyme (Table 2). 
Type B neurotoxin seemed to be a better substrate than type A for the enzyme on a weight 





I causing inactivation of the toxin since 



basis. The assays were not done at low enough neurotoxin concentrations to quantitatively 
of isoaspartyl residues per toxin molecule. Low substrate 
: a requirement of the PMT enzyme due to its extremely slow turnover 
rate (Johnson and Aswad, 1991). Further evidence for the existence of isoaspartyl " • 
residues cane from amino acid sequencing of the hydrolyzed light chain. During 
sequencing of the 52 IcDa light chain band, the signal was identical to the light chain of that 
of Binzet aL (1990) except for the absence of the first methionine residue. However, after 
jh the first thirteen residues up to V13, the signal 
a point just above background levels. The weaker 
n valine-13 on to the wash out of the signal was identical to that published for 
type A light chain. Since pmol quantities of material w 



it was not possible to 

quantitate the decrease in signal. The decrease in signal strength at valine-13 could be 
explained by a portion of the material being sequenced having some type of N-tenninal 
blockage at the residue following valine-13. The next residues after valine- 13 are the first 
asparagine-glycine sequence in the type A amino acid sequence. Since Edman degradation 
ss it is possible that dtsamidation could be occurring here. 




is in type A neurotoxin as 
minTabIe3. 1 
to deamidation under physiological conditions (Liu. I< 



I 



Table 3. Positions of asparagine-glycine and as 
type A neurotoxin (adapted from Goodnough and Johnson, 1994, in 



Light chain Heavy cha? n 

-15,16- 

-178.179- 

-402,403- 



-539.540- 
-1032,1033- 
-1243. 1244- 



-570.571- 

-798,799- 

-935,936- 

-954,955- 

-971,972- 

-1026.1027- 

-1093.1094- 

-1151,1152- 



in the peptide chain for the iraide ring 
». The formation of the iraide ring as well as two cleavage products of the 
ring structure are shown in Figure 9. 

TneregfonalflexibiUtyoftepep^ 
examined using the method of Ragone et aL (1989) and a five amino acid floating window 



(D.Aswad, personal cc 



The first asparagine-glycine combination at NI5G shows a 



>. 1993). The flexibility plot is shown in figure 10. 



relatively high degree of 



D14IG in the light chain region appears to be very flexible as do the N971S. N1093S. and 
N1243G sequences of the heavy chain region. Additional research including peptide 
mapping will be necessary to determine to what degree these sequences are deamidated. 

Further support for N-tcrminal blockage of the light chain sequence was obtained 
by examination of Hght chain fragmentation. The sequence determined fiom the lower 
molecular weight band of the light chain doublet (50 and 52 kDa) was completely N- 
lermmally blocked after the third cycle of the sequencer. The first two cycles showed 
residues one and two «o be prolme and valine, respectively. Residue number three of the 
50 kDa band would correspond to the asparagine-I4 residue of the intact light chain. This 

Isoelectric focusing (T£F) is one method of detecting 
accordingly with the loss of amino groups from 

gain ofacarboxyl group. It is problematic todeectachangeinpl by EF with purified 
type A toxin as the molecule is too large t0 show a charge shift from losses of a minimal 
number of amino groups (Johnson, et aL 1989b; Liu. 1992). It may be possible in the 
future to show shifts inlEFof fragments of purified type A and B neurotoxin. 



as the pi shifts 
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Peptide bond hydrolysis was not observed during initial studies involving type A 
toxin complex. However, when purified toxin was substituted for the complex, hydrolysis 
was seen at the aspartate 1 1-proline 12 linkage as determined by amino acid sequencing. 1 
There are at least two reasons why hydrolysis of toxin in the complex was not detected. 

constitution were solubilized in dH20 and the insoluble material separated by 



a higher percentage of hydrolyzed pc 
preparation. The second reason hydrolysis w 
that the migration rales of the fragmented toxin was nearly equivalent to that of two of the 
non-toxic proteins associated with the toxin in the complex. If the unreduced toxin present 
in the toxin complex was hydrolyzed at the same point as purified toxin, the lower 
molecular weight band of the doublet present at 143-145 kDa would run very close to the 
1 18 kDa non-toxic complex protein which may have masked the detection. In the reduced 
ig at ca. 50 kDa would overlap the non-toxic 



Amino acid sequencing sh 
the lightchain was cleaved during lyophilization. It has been shown that sodium phosphate 

The pH of a sodium phosphate buffered solution at pH 7 can decrease to 5 during the 
freezing portion of a lyophilization cycle (Pikal, 1990; Van den Berg, 1966). Additionally, 
it has been shown that type A neurotoxin is susceptible to afeid hydrolysis of the aspanate- 
proline bonds of the heavy chain at pH values as high as 5 (DasGupta and Tepp. 1991). 
The short 12 amino acid peptide resulting from cleavage of the N-terminal aspartate-proline 
bond has a molecular weight of about 1400 daltons. Such a molecular weight correlates 
well with the observed differences between the 50 and 52 kDa bands. The origin of the 



le N-tcmmius of the light chain since the partially hydrolysed, 
unreduced samples nm with molecular weights of 143 and 145kDa. If defragment were 
being hydrolyzed from d* C-terminus of the light chain, then the fragments would be 
running at 50 and 93 IcDa without being reduced Pincette cysteine residue mvolved in the 
»g the twochains would have been excised. Also, if the fragment 
in doublet would not be 
in would show a doublet upon reduction. 




le the following: 

6. isoelectric focusing of purified fragmems of the toxin before and after 
lyophilization and comparison to measurements of isoaspartyl ^ i„ ^ lvopmlized 
and unlyophUized fragments. Suchexperiments wtl, give a cfcan.r picture of the events 
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CHAPTER VO 
response of rabbits to low doses of type A botulinum toxin. 
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Sublethal doses of various preparations of Clostridium hotulinnm type A toxin 
including Botox® and Dysport® were tested in a rabbit model for iramunogenicity. • . 
Known quantities of various type A toxin preparations were injected over a period of tune 
and the animals serum assayed for antibodies capable of neutralizing a small challenge of 
purified type A toxin in mice. Animals injected with a total of 18.3 and 18.1 ng of Botox® 
developed neutralizing antibodies to the toxin in 60 and 63 days. Animals injected with 
5.89 ng of crystalline type A toxin complex from our laboratory produced antibodies that 
neutralized the challenge in 1 18 days. Animals injected with 0.92 ng of purified type A 
neurotoxin over 1 18 days did not produce neutralizing antibodies. Likewise. 5.89 ng of 
Dysport* administered over 165 days did not produce neutralizing antibodies. 



Introduction 
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Clostridium botulinum is a diverse group of organisms capable of producing a 
potent proteinaceous neurotoxin. Different serotypes of C. botulinum produce neurotoxins 
that differ in primary amino acid sequence and thus are antigenically distinct There are 
seven amigenically different serotypes currently recognized. A, B. Cj. D, E, F, and G. 
The organisms producing these toxins catagorized by biochemical and growth requirements 
(Hatheway, 1990). The toxin causes a flaccid paralysis by binding to the pre-synaptic 
junction of motor neurons and inhibiting the release of the neurotransmitter acetylcholine 
(Schantz and Johnson, 1992; Simpson. 1981). The particular muscle or muscle group 
innervated by this particular motor neuron does not receive the signal to contract resulting 
in flaccid paralysis. Classically, this condition which is termed botulism has been linked to 
the corruption of food products which contained the preformed toxin. £. botulinum can 
also colonize wounds and the infant bowel causing a toxicoinfection (Sugiyama, 1980). 

Since the early 1980s, investigations by Drs. Edward Schantz and Alan Scon have 
led to use of type A toxin for treatment of various spastic muscle disorders as an alternative 
to surgical techniques. The toxin is used in nanogram quantities and is injected directly into 
the affected muscle groups. Small enough quantities are used to ensure that the dose is 
effective but does not spread to other regions of the body. Originally, only a few 
indications were approved for treatment by the United States Food and Drug 
Administration including blepharospasm, hemifacial spasm, and strabismus. The use of 
the toxin to treat other focal dystonias such as spasmotic torticollis, writer's cramp, vocal 
dystonias, and club foot in children has led to ever increasing use for a variety of 
neurological disorders. Unfortunately, one of the major side-effects of the use of certain 
protein pharmaceuticals in high enough quantities is the production of antibodies by the 
patient to the drug. The presence of circulating antibodies has been demonstrated in 



1991). 



ring large doses of the commecially available toxin (Jankovic and Schwatz, 



We have developed a rabbit model in which repetitive injections of various type A 
toxin preparations have been given to simulate the treatment of a focal dystonia in order to 
assess the immunogenic^ of the toxin. The model consists of injecting albino rabbits with 
sub-lethal doses of the toxin over a period of time and assaymg the serum of the 
for the ability to neuwlize a small but carefully quantitated amount of purified type A toxin. 



commercially available in Europe are the least antigenic. These results indicate that high 



Material and Method 
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Animals, 

Female, ICR mice, 18-22 g (Harlan Sprague Dawley, Madison, WI) were used in 
toxin and serum titrations. New Zealand, albino rabbits. 4-6 lbs; were obtained from 
Hazelton Laboratories. Kalamazoo, ML 

Bacterial strains and growth c^ dj |i m 

The Hall A strain of type A £. hoiulimim was used to produce crystalline type A 
complex. This strain was originally obtained from Dr. J. H. Mueller at Harvard University 
and was further screened for high toxin titers at Fort Detrick. MD by Dr. E. J. Schantz and 
coworkers. This strain is routinely used for production of type A botnlinum toxin due to 
high toxin titers and the rapid onset of cell lysis (usually within 48 h). 

Stock cultures of £. hoMinum. Hall A were grown statically in 15 ml Hungate 
tubes containing 10 ml of cooked meat medium + 03% dextrose (CMM, [Difco 
Laboratories, Detroit, MI]) under an anaerobic atmosphere (80% N 2l 10%CQ2. 10%H2)at 
37'C for 24 h and frozen at -20*C until use. CMM cultures of the Hall A strain gave toxin 
titers in excess of 10 s LOg/ml within 48-72 h. 

For toxin production, cultures of Hall A were grown statically in 15 liter volumes 
of toxin production medium (TPM) consisting of 2.0% NZTT(lot# 9NC29) casein 
hydrolysate (Sheffield Laboratories. Norwich, NY), 1.0% yeast extract (Difco), and 0.5% 
dextrose. pH 7.3-7.4. for 5-7 days at 37*C. Cultures of Hall A showed heavy growth in 
this medium during the first 24-48 h followed by autolysis of the culture which was evident 
as a clearing and settling over the next 48-120 h. 



Type A toxin complex was purified according to* modification the method of Duff 
et aL (1957). Briefly, the method involves a series of precipilations and extractions using 
low pH, elhanol, and crystallizations of the toxin complex for purification from crude 
culture (Schantz, 1964). 

Commercially available type A toxin complex preparations (Botox® and Dysport®) 
as well as a new type A toxin product currently undergoing clinical trials (ASB) were 
obtained from Dr. Gary Borodic, Massachusetts Eye and Ear Infirmary, Boston. MA 

Tvne A nmmtninn mf rifiHffl'lTr 

Type A neurotoxin was purified from the associated non-toxic proteins of the 
complex by a modification of the method of Tse et aL (1982). Toxin complex in 50 mM 
sodium citrate buffer was elated from a 1 liter DEAE-Sephadex A50 column (5 cm x 65 
msuIfate/lOOml. The 
ai by centrtfiigarion (12,000 x g. 5-10°C 20 min), 
dialyzed against 25 mM sodium phosphate. pH 7.9, and applied to a DEAE-Sephadex A50 
column equilibrated with the same buffer. The binding capacity of this particular matrix 

utilized by applying ca. 90% of the column binding capacity. Toxin was separated from 
the non-toxic proteins of the complex and eluted from the column with a linear fW).5M 
sodium chloride gradient Toxin eluted from the column in the first protein peak and 
fractions which had 260/278 nm absortwnce ratios <0.6 were pooled and precipitated by 
adding 39 g of solid ammonium sulfate/100 mL Material recovered from the DEAE- 
Sephadex A50 column at pH 7.9 was further purified by chromatography on SP-Sephadex 
C50. Precipitated toxin from DEAE-Sephadex A50 columns at pH 7.9 was collected by 
centrifugation (12.000 x g. 5-I0-C, 20 min) and dialyzed against 25 mM sodium 



phosphate, pH 7.0. The dialyzed toxin was applied to 25 ml SP-Sephadex C50 in 25 mM 
sodium phosphate. pH 7.0. Contaminating material did not bind to the column under these 
conditions. The toxin was eluted with a linear 0-0.25 M sodium chloride gradient. 

SDS-gel electrophones 

Electrophoresis was performed using a Pharmacia Phast System (Pharmacia LKB 
Biotechnology. Piscataway. NY) and 12.5% linear pre-cast gels according to the 
manufacturers instructions. Sample buffer consisted of 75 mM Tris-HCI (Sigma Chemical 
Co.. St. Louis. MO). 5 M urea (Sigma). 5% SDS (Sigma), and 20% glycerol (Sigma), pH 
6.8. All samples were boiled for 5- 10 min. Some samples were reduced by the addition 
of 0.5% (w/v) dithiqthreitol. Bands were visualized by staining in 0.1% Coomassie 
brilliant Wue R250 in 5:5:2 dH20:methanolacetic acid, destaining by diffusion in 9:3.3:1 
dH20:meihanol:acetic acid. Some gels were silver stained according to the procedure of 
Haines and Rickwood (1990). 



Toxin sample titers were estimated using the intravenous method of Boroff and 
Fleck (1966) in groups of 5 mice per dilution. Titers were determined more accurately 




I was prepared using purified type A neurotoxin in 50mM sodium 



acetate, 2 mg/ml gelatin (Difco), 3 rog/ml bovine scrum albumin (Sigma), pH 4.2, 
according to the method Schantz and Kautter (1978). The standard was stored at 4°C. T 
toxin standard was titrated according to the method of Schantz and Kautter (1978) using 



seven mice per dilution. The standard contained 56 LDso/ml when freshly prepared. 
When titrated 9 months later in the same fashion, the standard contained 60 LD^ml wl 
was within the ± 15% margin of error given bySchamzand Kautter (1978) for 
intraperitoneal bioassay of botulinal toxin. 



Rabbits were injected on the days indicated in Table 1. Initially, a 1 ml injections 
were made intramuscularly in the hind legs with subsequent 0,1 ml boosts given 
subcutaneous!, over the front shoulders. Atotal of 0.2 ml was given , 0 each animal on 
each day indicated which amounted to 12-15 LDsryboos, Blood samp.es were drawn 
torn the ceru^ vein in the ear. Serum samples were taken on the same days jus. prior to 
injectioa Five mlsamples of whole blood were incubated on ice for 1 h a, which time the 
serum was separated by centrifugation at 5.000 rpm in a Sorval SS-34 rotor at 4-10° C for 
20 min. Samples were kept frozen at -20t until assayed for type A toxin antibodies. 



assay fFJ ISA w tPti .. nn . |T . n 




factor XA(RW-XA) 



were formed in solution. The complexes. 



consisting of the two different antibodies bound to the toxin, w 
plate coated with rabbit irrunur^globulin G specific forchicken immunoglobulin Y. After 
capture, a mixture of coagulation factors II. V. and X wc re added. A positive result 
indicating the presence of toxin generated thrombin due to the presence of RW-XA. 
■ephcKph.taseUbd^fib^ 



with fibrinogen. Thrombin caused hydrolysis of fibrinogen to fibrin which resulted in 
deposition of labelled fibrin onto the polystyrene pegs. The pegs were then removed, 
washed, and placed in phenolphthalein monophosphate as a substrate for alkaline 
phosphatase (Doelgast, et aL, 1993). The assays were performed by Dr. Mike Roman, 
Kraft General Foods, Glenview, IL. 
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Purification of tvpg A toxin rnmp Tfr 

The batch of toxin complex used in these experiments was recrystallized three times 
and had a specific toxicity of 18 mouse intraperitoneal 50% lethal doses/ng (LD50). The 
absorbance ratio at 260/278 ran which is used as one measure of purity (Schantz and 
Johnson. 1992) was 0.52 indicating that the preparation was relatively free of 
contaminating nucleic acids. SDS-gel electrophoresis demonstrated bands (from top of gel 
down in kDa) of 145, 118. 48. 3S, 29. 22, 21. and 15 which are indicative of type A 
complex (Figure 1. lane 4) (Johnson and Goodnough. 1993. in press). When the sample 
was reduced with dithiothreitol the two bands indicative of type A toxin heavy chain (93 
kDa) and light chain (52 kDa) were observed (Hgure I.laneS). For injection into rabbits 
the type A complex was diluted to 60 LO^ml in 30mM sodium phosphate. 0.2% gelatin. 
pH 6.4 (gel-phosphate). 



Purification of tvpg A, ncnroinijn 

Type A neurotoxin was purified to homogeneity (Figure 1. lanes 2 (unreduced) and 
3 (reduced)). The 260/278nrn absorbance ratio of the preparation was 050. The specific 
toxicity was approximately % LDsofag. For injection into rabbits the type A neurotoxin 
was diluted to 60 LDsryrnl in gel-phosphate, pH 6.4. 
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1 2 3 4 5 



Figure 1. SDS-PAGE analysis of type A toxin preparations. Lane I, molecular weight 
markers fin kDa); rabbbit myosin, 205, £. £oJi B-galactosidase. 1 18.fi. gpJi 
phosphorylase, 94, bovine serum albumin, 66. ovalbumin, 45, carbonic anhydrase, 29. 
{Sigma Chemical Co., Sl Louis. MO). 5-6 ug protein total; lane 2. purified type A 
neurotoxin. 4-5 ug protein; lane 3, purified type A neurotoxin (reduced with 0.5% (w/v) 
diihiothreitol), 4-5 ug protein; lane 4. type A toxin complex, 4-5 ug protein; lane 5, type A 
toxin complex (reduced), 4-5 jig protein. 



Botox®, the commercial type A toxin product ofAllergan, Dysport®, the 
commercial product ofPorton Down, and ASB were titrated using the method ofSchantz 
and Kautter (1978) with five mice per dilution. Two vials of Botox® had 70 LD^ml ahd 
66 LD 5( yml when reconstituted in 2.0 ml of dH 2 0. One vial of Dysport® had a titer of 
217 LDsc/ml when dissolved in a total of 2.0 ml of dH 2 0. This material was diluted to 60 
LDso/ml in gel-phosphate. pH 6.4, prior to injection in rabbits. Two vials of ASB 
contained 69 and 72 LDso/ml when treat© 



Rabbit serum was assayed for neutralizing antibodies by combining 0.1 ml of the 
toxin standard along with 0.5 ml of a serum dilution and 0.6 ml of gel-phosphate, pH 6.4. 
The solution was incubated at room temperature for 30-60 mm with occasional mixing by 
inversion. One-half ml of the solution was injected intraperitoneal^ into each of two mice. 
Mice were observed for signs of botulism for a period of four days. Serum samples which 
neutralized type A toxin were diluted in two-fold increments and the neutralization assay 



Pre-imrnune serum samples were all negative for antibodies capable of neutralizing 
type A toxin (Table 1). Antibodies were not detected up to day 1 18 for the animal given 
type A toxin complex and day 60 and 63 for the Botox® animals. Tilers of type A 
antibodies continued to rise in the second Botox® animal (Botox® H) with repeated boosts 
of the toxin. Numbers in brackets following a day indicated the highest two-fold dilution 
which neutralized 5.6 LD 50 of the type A toxin standard. 



Table 1. Immune response of rabbits to sub-lethal doses of type A botulinal toxin. 
Toxin sample Days of ajection/titration» Total ng given Specific toxicity* 



0.29,42,56.69. 

88. 107, 118 

(no antibodies detected) 

0,29.42.56.69, 
88. 109.118(1:2) 



0.21,35,49,60(1:1) 
0.21.35.49,63(1:1). 
77 (1:2). 84 (1:4) 



Dyspcrt® 0. 21. 32. 46, 60, 

67. 81, 95, 109. 
123, 137. 151. 165 



0. 21, 35, 49, 

60 (no antibodies detected) 



♦Two separate animal trials designated I and n arc represented. 
a All antibody samples were titrated against 5.6 LD50 of purified type A neurotoxin 
according to the following: 0.5ml serum + 0.1ml containing 5.6 LD50 type A toxin + 
0.6ml gel-phosphate. pH 6.4. The solution was incubated at room temperature for 30-60 
minutes. Two mice per two fold dilution were injected iniraperitoneally with 0.5ml of 
serum + toxin mixture. Dilutions which neutralized the toxin challenge are indicated in 
brackets. 'LDsn/ng. 



ELISA BsnU g 

The EUSAs performed on Botox®. Dysport®. and ASB which when corrected for 
the known concentration of ASB <8.15 ng/vial) gave values of 363 ng/vial of Botox® and 
16.95 ng/vial of Dysport®. It should be noted that both ASB and Botox® are labelled to 
contain 100 LDjr/vial while Dysport® is labelled to contain 500 LDjryvial. These results 
indicated that Botox® had an average specific toxicity of 4.3 LDx/ng, Dysport® had 25.6 
LDsofng. and ASB had an average specific toxicity of 17.3 LDsfVng after reconstitution. 



Discussion 
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The likelihood of antibody formation in patients treated with Botox® se 



of treatments received by each patient (Jankovic and Schwartz. 1991; Borodic et aL, 1991). 
Patients who receive higher doses of toxin on a more frequent basis are those who are more 
likely to produce neutralizing antibodies to the toxin. In particular, those patients with 
spasmodic torticollis are at high risk due to the large doses of toxin which are spread over a 
large area. We have used a rabbit model for testing the immunogenicity of various toxin 
preparations in a manner similar to their intended use. Le. by injection of sub-lethal doses 
on a repetitive basis.. In this study, neutralization of a small but accurately quantitated 
amount of toxin gave greater sensitivity in detecting antibodies than previously reported 
(Hatheway et al.. 1984). In our assay, as little as 0.0012 lU/ml of type A specific 




Dysport®) to two type A to 
type A toxin preparation currently undergoing clinical trials (ASB). The two preparations 
made at the Food Research Institute had specific activities that were 18 LD5<yng for type A 
toxin complex and 96 LDjo/ng for purified type A neurotoxin. Botox® has been reported 
to contain 2.5 LDjr/ng which gives it the lowest specific activity among those tested. Our 
results of 4.3 LDsr/ng were slightly higher than this value. The data from the amplified 
ELBA assay correlates weU with this estimate as 2.5 LDstfng x 36.3 ng = 90.75 
LD50/vial- However, the average of the toxin titrations of the individual vials gives a 
specific toxicity of 3.7 LDsr/ng. Using the same approach, the specific toxicity of 
Dysport® used in this study was estimated to have a specific activity of 434 LDsr/vial / 
16.95 ng/vial which equals 25.6 LDsr/ng. This is close to the specific activity expected 



with chromatographically purified type A toxin complex that has been lyophifced under 
conditions allowing recovery of 75-85% of the active toxin (Goodnough and Johnson, 



Lesser quantities by weight of the preparations with higher specific activity were 
injected (see Table 1). On a weight basis, 1 0 LD50 of purified type A neurotoxin with a 
specific toxicity of 96 LDj&'ng was equal to 104 pg. Ten LDjq of the type A complex with 
a specific toxicity of 18 LDs/ng winch was purified at the Food Research Institute was 
approxiraatly 550 pg. Since less toxin is being given, the immune system of the animal is 
exposed to less of the antigenic substance. Additionally, it has been shown that the non- 



in itself (Salcaguchietal.. 1974; George Doellgast. personal 
>. Hence, the non-toxic components could be acting as adjuvants 

1 a more purified toxin. An additional adjuvant 
in all vials of lyopbilized toxin is toxoid of the specific toxin formed during 

in itself. This problem can be reduced by up to 10 
ns (Goodnough and 

>. 1992). 

Possible solutions to the problem of antibody formation in patients being treated for 
spastic muscle disorders include: a), use of botulinal toxins with higher specific activities 
including those which have been chromatographic^ purified from the more antigenic 
non-toxic and hemaggluunating fractions, and b). implementation of drying processes 
which result in a higher percent recovery of active toxin to minimize the formation and 
presence of toxoids of the toxin. Narrowing the range of permitted LDjtfs per vial by the 
Food and Drug Administration from ±30% (which allows for up to 130 LD» of toxin in a 
given vial) to some lower value( e .g. 10-20%) would reduce the chance of inadvertant 
adimnistration of excess toxin. Such an excess could not only further stimulate the 



production of antibodies by a patient but could also result in dangerous side-effects such 
ptosis and inadvertant paralysis of muscles at sites distant from the injection. 
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Conclusions and cnmmmt^ry 

There is a need far standardization regarding botulinal toxins as used in the medical 
field. This became very evident during the Interagency Botulinal Research Council ' 
Committee conference on botulinum toxins held in Madison, WI in December of 1993. 
The current definition of a unit of botulinum toxin used pharmaceutically is one unit of 
toxic activity is equivalent to 1 mouse intraperitoneal 50% lethal dose or 1 LD50. There are 
a couple of difficulties, however, in using the term 'unit' when speaking of botulinum 
toxin. It has become apparent that some researchers and clinicians who use the toxin on 
humans do not have a full understanding of this convention. Frequently, the unit of toxin 
is written about and spoken of as an international unit An international unit is a description 
of a quantity of ana-toxin not toxin. One international unit of antitoxin is equivalent to 
10,000 LD50 of types A. B. C. D, and F toxin. Also, one international unit of antitoxin is 
equivalent to 1,000 LD50 of type E toxin. A standard unit needs to be defined for 
biological toxicity of botulinal toxin including the ng of toxin and non-neurotoxin proteins 

An additional point of confusion is the definition of a 50% lethal dose of 
botulinum toxin. The dose is usually referenced in terms of the amount needed toidUhaif 
of a population of while mice. However, the goal in treating patients with botulinal toxin is 
not to kill half of the population but rather to treat a given muscle group with enough toxin 
to elicit the desired response. Another biological unit has been proposed, the median 
paralysis unit, which is less than an LD50 but more difficult to quantitate as it currently 
involves injecting an amount of toxin into hind limb muscles of mice and rats and 
observing the regional paralysis and duration of the paralysis. More work will need to be 
done on this idea if it is going to be generally accepted and used consistently by 
independent laboratories. It will be necessary to develop a simplified procedure with a 
definite end point if it is going to supersede the LD50 as a unit of measurement. An 



additiooalccnpKcatic b*.ftctfai the various toxin serotypes have different durations 
of action. There is even evidence that different strains within a given serotype have 
differing durations of action. So. for a given amount of denervation needed to achieve 
relief from a particular dystonia, the amount of toxin used will be different for each • 
serotype used and possibly for each strain in an individual serotype. Only serotype A 
prod uced by one strain is currently being used in the United States. It will be necessary to 
develop other serotypes and strains since an increasing number of patients are developing 
5 to the current product, 
a need for an alternative borulinal toxin product for treating spastic muscle 
disonlersjn the Uruted States. Tie current product has a very low specific activity for type 
th the present formulation used in the drying 
aline pH) results in a product with less active 
1. The consequences of this are that the patients being treated with 
igrate. A different product that was 
ly be an improvement. The use of 
:n shown here to be possible in a pharmaceutical product The 
use of such material in concert with a drying excipient that would allow the shipment and 
storage of the material at room temperature would reduce the major drawbacks with 
extended use of botulinal toxin as a therapeutic 

Future considerations that may spring from some of this research include some of 
thefoUowinp 1. new methods of determining the antigenicity of individual protein 
Pharmaceutical preparations using/™*, methodology. 2. further investigation into the 
echanisms of inactivation of protein pharmaceuticals during preparation, handling, and 
storage, and 3. development of additional be 
serotypes to treat patients with focal dystonias. 




The notion that the toxin and nc 
passing through the intestinal barrier may be a novel method of delivery of other 

i. This possibility was not explored in this thesis but may 



chimeric toxin molecules that exploit the specificity and binding affinity of the heavy chain 
of botulinum toxin. It may be possible to develop other pharmaceuticals that are targeted to 
the terminal neurons using this specificity. 

Drug delivery is one aspect of botulinal toxin therapy that has not been seriously 
it of a sustained release 
Norplant where the pharmaceutical is 
released slowly through diffusion from an inert carrier such as latex. Hypothetical^ named 
Toxplant", the advantages of using such a i 
could be extended torn 



ts involve 

intramuscular injections every 2-3 months which can be painful. Further, very low 
amounts of the toxin would diffuse out from such a delivery vehicle maintaining the desired 

only releasing very small quantities at any given time. 

Since there are different target proteins for each toxin serotype, combining two or 



synergistic effects. In the same vein, the use of a combination of botulinal neurotoxin and 
a chimeric toxin that uses the binding specificity and affinity of botulinal neurotoxin heavy 
chain and the active portion of a toxin that would slow or inhibit the rerouting of nerve 
terminals (the primary reason for retreating patients) would be advantageous Such a 
chimeric toxin might be one that inhibits protein sysnthesis such as some of the ADP- 
ribosylating toxins including diphtheria toxin, ricin, and botulinal toxins C 2 and C 3 . 



